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Volume 89 Hydrogen Production, Separation and Purification for Energy A. Basile, F. Dalena, J. Tong and T.N. Veziroğlu
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Chapter 1

Introduction

Rupp Carriveau1 and David S-K. Ting1

According to dictionary.com [1], a community is a social group of any size whose
members dwell in a specific locality under one government, and they share the
same cultural and historical heritage. Accordingly, both big cities and small towns
are communities. Their future leans on, among other things, the proper manage-
ment of sustainable energy and natural resources that they feed on [2]. For the more
progressive localities, there is already in place some solid share of renewable
energy; wind, in particular. Other than the promise of including a greater extent of
solar, these wind-fed communities must look at ways to further their current and
future wind.

To improve performance and maintenance of the existing, particularly wind,
infrastructure alone would render significant stability in the community, renewable
energy systems. The resulting benefits include both a cleaner environment and
healthier economy. In Chapter 2, Morshedizadeh et al. describe practical, data-
driven methods for predicting commercial wind turbine performance. A compre-
hensive set of supervisory control and data acquisition data was utilized to delineate
the entire process, including the proper treatment of missing data and outliers,
training of the intelligent algorithm, pertinent feature selection, and modelling of
the design networks. The superiority of Bruce Lee’s Jeet Kone Do is largely
attributed to the combination and adaptation of the most potent moves from dif-
fering styles [3,4]. Likewise, it is illustrated that fusion of appropriately-weighted,
different networks can enhance the decision-making process, for best prediction of
wind turbine performance. Furthermore, wind farms, large or small, can be opti-
mized to best benefit the communities. Vasel-Be-Hagh outlines essential elements
of wind farm layout optimization in Chapter 3. Several wake loss models and
different search methods, ranging from primitive to sophisticated ones, are ana-
lysed, compared, and contrasted. The base location, number, rotor diameter, hub
height, rotational direction, and yaw angle of wind turbines, along with the shape of
the wind farm are fully considered in the optimization process. Wake models, from
the computationally intensive large eddy simulation to purely empirical models are
explored. For optimization, Generic Algorithm, Greedy Algorithm, Particle Swarm

1Turbulence and Energy Laboratory, Department of Engineering, University of Windsor, Canada
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Optimization, Ant Colony Search Algorithm, Simulated Annealing, and Definite
Point Selection Algorithm are presented. The chapter concludes with 13 distinct,
interesting cases for the readers to sweat over. The experiential exercise aims at
bringing readers up from ‘interested’ to ‘involved’, or, ‘amateurs’ to ‘new practi-
tioners’, concerning wind farm optimization.

Admit it or not, money, to a large extent, does make the world go around.
Miller and Carriveau attempt to underplay the outstanding challenge with renew-
able energy implementation, the very high capital cost, in Chapter 4. So, why don’t
we leave renewable energy developments to private enterprise? Among other
benefits, community energy provides power for the community, potential income
for the community, promotes social cohesion, provides local jobs, and certain
control regarding the protection of our environment. While wind and solar suc-
cesses in some smaller communities, both in overseas and in North America, can
alleviate significant uncertainty, the transferability of these to other communities
lingers on the specific available incentives and legalities. Their newness to the
industry also induces extra costs for learning, which is absorbed into the raising
transaction costs. To alleviate the multitude of challenges faced by newcomers,
small renewable energy developers financing options are not only provided, but the
readers are guided through the process with specific successful examples. These
cases also have the potential to be extended into commercial, renewable energy
project finance.

How can we exploit solar? The most direct way is to harness the heat, i.e. solar
thermal. And, this solar thermal energy is most commonly used for domestic
heating. In Chapter 5, Bhalla et al. present the potential application of various solar
thermal energy technologies at community-level. While the chapter is written based
largely on research and experiences gathered in India, it has an international con-
text, that is, the conveyed expertise can be put to practice all over planet earth,
where there is sufficient sunshine. They describe the main attributes and key dif-
ferences between non-concentrating and concentrating solar thermal collectors.
The newer, volumetric-based solar energy absorption approach via the use of
nanoparticles is presented and calculated numerically for a ten-household com-
munity. The various parameters, especially those associated with the nanoparticles,
influencing the performance of the solar collector are clearly disseminated.

Many places where the sun is scorching, there is a shortage of drinkable water.
When salt water is available, it can be desalinated. However, commercial water
desalination processes are extremely energy intensive and are limited to a few big
and wealthy cities, as conveyed by Ameen et al. in Chapter 6. For smaller com-
munities, especially those in remote places where there is a lack of grid energy
supply, the abundantly available solar energy can be harnessed for water desali-
nation, to quench the thirst of our financially less able fellow human beings. The
chapter starts with a general categorization of various types of existing water
desalination systems, and focuses in on those suited for small communities and
remote areas. A single slope solar still in Pasni, District Gwadar, Balochistan of
Pakistan is given as a case study. The involved design, fabrication, and cost are
presented to illustrate the practical operation of the technology.

2 Wind and solar based energy systems for communities
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The gracious energy lavished via the sun can provide benefit beyond the heat
or thermal aspect. In Chapter 7, Singh et al. provide an overview of a community
level solar photovoltaic (PV) installation in the form of a solar garden, or solar
farm, or solar power plant, to partially or fully meet the electricity needs. Three
ownership models, along with their benefits and barriers, are presented. The reali-
zation of these models are illustrated with the help of actual examples, that is,
completed, conceptualized, and under construction projects in Canada, the United
States of America, Europe, South America, and East Africa. It is not surprising to
see that no single model works in all situations. The important point is that coun-
tries, provinces, states, and cities must develop policies that promote investment in
community renewable energy projects, notably, solar PV projects.

We definitely do not want to see any part of solar PV systems flying around
during gusty days. As such, it is critical that the wind loads on solar PV installations
are properly assessed, and to ensure that the installations can withstand the beatings
of the wind. Kazmirowicz et al. examine the wind loads on rooftop solar PV
installations in an urban setting, in Chapter 8. The renewed concern on the vitality
of these installations is, in part, due to the continuous cost reduction, drastic rise in
rooftop units in crowded urban areas, and the global rise in damaging wind con-
ditions such as typhoons and hurricanes. The induced loads by these and other
extreme winds are of particular interest. Surprising or not, there is a lack of field
measurements of wind loads on solar PV structures. The existing Australian stan-
dard is presented, prior to introducing Urban Wind Environment, and this is logi-
cally followed by Australian mounting system design practices. Both wind tunnel
test methods and computational fluid dynamic simulations are useful in securing
the structural health of current and future PV installations.

Maroufmashat et al. suggest using a network of energy hubs for simultaneous
reduction of greenhouse gases and improvement of energy efficiency, in Chapter 9.
These smart energy systems or hubs integrate multiple resources and technologies;
including energy conversion technologies and transmission utilities, operators, and
service providers. In this way, energy generation and usage can be directly linked
with economic growth, climate change, and energy security. The inclusion of
energy storage systems in the network ensure its versatility, considering the very
diverse forms of renewable energy integrated into the power grid. An urban area
consisting of four buildings in Ontario, Canada is used to illustrate the workings of
such a network, where each building is an energy hub. For the future, they forecast
the inclusion of hydrogen, carried through the existing natural gas line. Their model
is unique in the sense that the influence of a dynamic emission factor on the optimal
design of the network has been considered.

With renewable energy, one cannot undervalue its better half, energy storage;
it is worth noting that energy storage is also useful for mitigating the instantaneous
load–demand variation. As conveyed by Zhu et al. in Chapter 10, batteries deserve
a comprehensive, up-to-date coverage. Community energy storage, operating on
distributed energy storage systems at end-user homes and businesses, can help in
alleviating the pressure of local transformers. Conventional and advanced battery
technologies are covered, followed by electric vehicle penetration, and the

Introduction 3
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economics of battery storage. For proper battery selection, the energy consumption
pattern is a priori. The selection process safety considerations are discussed. It is
somewhat awakening to learn that safety policies and standards are a key challenge
in keeping the industry on the right track. Like solar PV installation regulations,
according to these Australian authors, Australia, once again, stands as a pioneer in
regulatory intervention to drive adoption of energy storage.

There will be no future if conservation is undermined. And conservation goes
hand-in-hand with demand management. Ma and Venkatesh propose a conserva-
tion model which targets conservation at the most price-sensitive consumers but
only during peak energy-consumption periods, in Chapter 11. Other than peak-
usage disincentives, they also propose incentives for consumption during off-peak
periods. This disincentive–incentive conservation approach works by flattening the
demand curve, delaying base expansions, and lowering unit costs. The target is on
the localized community energy systems, like the battery storage imparted by Zhu
et al. in the previous chapter, to absorb momentary fluctuations in supply and
demand. Their philosophy differs from the traditional one, which aims at realizing
conservation by lowering the variable costs through behavioural change and effi-
ciency. Presumably, Ma and Venkatesh understand our great struggle when it
comes to changing habits; like the idiom, it is easier to change mountains and rivers
then to alter one’s character. Wisely, they tackle the challenge head-on, by reducing
fixed costs, which requires no behavioural change of the consumers.

The book ends with Smart Multi-Energy Microgrids by Capuder and Dragi-
čević. In agreement with Ma and Venkatesh, Capuder and Dragičević confirm the
need of a flexible system capable of responding to variables of the renewable
sources and consumer usage. Microgrids are entities within a community which
integrate flexible load resources with on-site generation and storage. They can be as
small as residential homes, called smart homes, or larger commercial buildings and
industrial facilities. Conventionally, only electricity systems are considered under
microgrids. A limited amount of flexibility can be introduced, but only with
expansive energy storage systems. What is presented in the chapter, on the other
hand, is the concept of flexible multi-energy microgrids which efficiently utilize
the existing sources and infrastructures. The enhanced flexibility is enabled by
exchange of energy between different energy vectors; which encompass electricity,
heat, gas, hydrogen, cooling, and other forms of energy. The futuristic promise lies
in flexible operation of distributed multi-energy systems.

References
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Chapter 2

Data-driven methods for prediction of small-
to-medium wind turbines performance

Majid Morshedizadeh1, Rupp Carriveau1 and
David S-K. Ting1

Abstract

The growth in the wind energy is rapidly increasing. Accurate modelling of wind
turbines performance as targeted by ongoing research studies can escalate wind
energy production capabilities, reliability, and expand its potential to replace fossil
fuels. In addition, optimisation of turbines will considerably expand the profit
margins and garner the attraction of investors.

2.1 Introduction

One of the most beneficial applications of wind energy is in the form of producing
electrical energy by small-to-medium wind turbines in rural communities. Wind
turbines must be installed in those areas which are away from any wind-blocking
obstacles that normally exist in urban areas, as such areas with open land that provide
this condition are excellent choices. According to American Wind Energy Associa-
tion, in excess of environmental benefits, development of this industry helps indivi-
duals to generate power and decrease their energy bills. Performance optimisation of
these turbines is expected to increase the number of installed machines and such
growth will also eventually decrease the costs of turbines for manufacturers.

Two major approaches to analysing and optimisation of any system including the
wind turbines are model-based and data-driven methods. A model-based or a
knowledge-based analysis is derived from the analytical understanding of the system,
whereas the data obtained from the history of the machine performance is the basis of
data-driven models. These methods can also be sub-categorised into other groups that
each includes its advantages and drawbacks as summarised in Table 2.1.

Various factors play parts to determine the most suitable and efficient method
and there is no unique answer. An undeniably important factor is the existing

1Turbulence and Energy Laboratory, Department of Engineering, University of Windsor, Canada
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complicated correlation between key components of a wind turbine. Such char-
acteristic that creates major uncertainties highlights the difficulties associated with
the model-based approach. On the other hand, wind farms often have access to
supervisory control and data acquisition (SCADA) data that contain valuable
information about performance history of the turbines. The procedure to finalise
a data-driven modelling process using an intelligent algorithm is presented in
Figure 2.1. As can be observed in this figure, SCADA data should first be divided
into two subsets of training and test datasets. The size of training dataset should
be such that this portion fully represents the entire data particularly in terms of
boundaries and trend. This set is then applied to create a model based on the
selected intelligent algorithm. Continuous calculation of test error after each
adjustment of modifiable parameters in the utilised network allows achieving the
acceptable test error and establishment of the model. The next step is to evaluate

Table 2.1 A comparison of various approaches to analyse wind turbines

Type Categories Advantages Drawbacks

Model based Experimental [1,2] Reliable results Dynamic scaling, expensive
Numerical [3,4] Not expensive Validation required

Data driven Parametric [5,6] Simple High error
Non-parametric [7] Low error Susceptible to noisy data

SCADA
data

Training
dataset Test dataset

Yes

No

No

Yes

Finalised
model

Change
algorithm

Change design
parameters

Create model

Acceptable
error

Establish
model

Acceptable
error

Intelligent
algorithm

Figure 2.1 Wind turbines data-driven modelling process
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the performance of the model by testing it using a new set of data (testing data).
If the result of the test (test error) is not acceptable, either the design parameter or
the algorithm itself should be changed. Otherwise, the modelling is finalised.

In this chapter, a comprehensive procedure to successfully establish data-
driven models for a variety of purposes is presented followed by an industrial case
study targeted to design a power-production monitoring system in which some of
the proposed methods are practically applied.

2.2 SCADA data treatment

All data-driven modelling begin with a procedure called data pre-processing in
which the raw or primary data collected by the system are prepared to be applied by
the desired machine-learning technique. The necessity of the process is due to
likely incident of sensor malfunction that causes recording noisy and incorrect
values. Such records harm the network training accuracy and may even terminate
the process. Generally, the steps required to achieve a perfect and smooth pre-
processed data vary depending on the type and size of the acquired dataset.

The first step to pre-process the SCADA data of a wind turbine is to ensure that
all recorded values of all the features are bounded between the anticipated mini-
mum and maximum range. For instance, a recorded value of 200 �C for oil tem-
perature is obviously false and must be taken care of.

The next step is the detection of outliers. Outliers are defined as the data points
that do not follow the same trend as the great majority. To achieve this goal,
extreme care must be taken to avoid categorising abnormal behaviour or under-
performance of turbines as being an outlier. More specifically, too many unusual
records of irregularity at a relatively short period of time are an indication of
abnormal performance, not outlier data points.

Out-of-range and outlier values can generally be treated in two manners. They
can either be removed or considered as missing values. In this chapter, it is
explained how to replace the missing values with some acceptable substitutes, and
therefore, such data points will be regarded as missing.

In any data-driven modelling, the treatment method of missing values should be
clarified. The most simple and yet common method in conducted studies is to remove
the missing values. This approach might be suitable provided that there is not a
substantial number of missing values in the dataset. Due to customary sensor mal-
function observed in SCADA system, this is not always the case and removing all the
data points in a row just because there is one missing leads to useful information loss
that is collected by other sensors that can be up to 150 signals [8,9]. In addition,
having access to consecutive data points makes the predictive models considerably
more reliable. This in enlightened by the fact that the wind pattern as the major
influential factor on wind turbine performance is subjected to drastic changes in time.
Thus, consecutive data make it possible to capture such alterations.

The process of replacing missing values with some reasonable data is called
data imputation [10]. Generally, application, type, and the size of datasets, and
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missing value pattern determine the most suitable method of imputation. These
methods can be categorised into two groups of statistical learning theory and
machine-learning tools [11].

Machine-learning tools that are generally more advanced than their statistical
counterparts are also often more computationally extensive. Considering the large
datasets collected by SCADA system of a wind turbine, it is preferred to employ
simpler tools, as possible. However, there should be a balance between the outcome
of the applied algorithm for the imputation and the time and memory it requires for
the process.

Following sections explain a number of more suitable approaches to replace
the missing values of SCADA data. Depending on the function and pattern, each
may be considered the most applicable.

2.2.1 Mean or median value
The simplest method of imputation is to substitute the missing values in records of
a parameter with the mean or median value of that feature. This works best for the
features with very low standard deviations and also smaller datasets. For the
parameters in the SCADA data, however, this is not normally the best option
although it does not require heavy computations.

2.2.2 K-Nearest neighbour
This is also a simple and yet very effective method for data imputation. In this
technique, the K most similar rows of data with the one containing the missing
value are found and then the imputed record will be the mean value of those
parameters in the recognised neighbouring rows. The similarity measurement can
be performed using a variety of distance functions.

Despite its simplicity, one major disadvantage of this method is the require-
ment to search through the entire dataset to find the most suitable neighbours which
can at times be very computational for large datasets. Moreover, the optimum
number of neighbours cannot be found unless various numbers are examined and
the performance of each is studied. This too requires heavy computations.

2.2.3 Expectation–maximisation
The other powerful algorithm for imputation is expectation–maximisation algo-
rithm, which has been applied in several studies [12,13]. In this method, regression
parameters in incomplete features are computed for complete datasets (where their
missing records are deleted) with available values from the estimation of mean and
covariance matrix. After that, a conditional expectation value replaces the missing
ones and then covariance matrix will be re-estimated to minimise the imputation
error. After several iterations when there is none or a negligible update in imputed
records, the process is finalised and the completed dataset is generated. Although
this method usually leads to an acceptable level of imputation errors, the iterative
pattern of this method consumes non-trivial quantities of time and memory for
large datasets.
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2.2.4 Decision tree
Decision trees split the datasets into smaller groups and place them in the leaf
nodes. It is performed from top to the bottom starting from the root node. In the
beginning, all the training instances are at the root. Then, based on a selected
feature, the dataset is partitioned into lower nodes. Similarly, the dataset is further
divided using another feature. This process continues till it is reached to the tar-
geted feature (the one including the missing points). The selection of features can
be based on a variety of statistical measures. One of the most popular ones is
information gain, which is itself based on the concept of Gibbs entropy as
expressed in the following equations:

E Tð Þ ¼
Xc

i¼1

�pilog2pi (2.1)

E T ;Xð Þ ¼
X
c2X

p cð ÞE cð Þ (2.2)

where E is the entropy, c is the number of possible outcomes, and pi is the possi-
bility of each outcome. T and X represent the features in the dataset, where T is the
target feature. Figure 2.2 illustrates a schematic of a decision tree when the data is
divided into different groups. In this schematic, besides the root node, there are two
other node layers (N1 and N2) that act as rules to direct to the correct leaf where
data points are placed as sub-datasets of d1, d2, . . . , dj. After splitting the datasets

Root node

N1 N1N1

N2

d1 d2 dj–1

Leaves

N
ode layers

dj

N2 N2 N2 N2 N2 N2 N2 N2

Figure 2.2 Schematic of a decision tree

Data-driven methods for prediction of wind turbines performance 9

www.TechnicalBooksPDF.com



into smaller groups each containing the most similar data points, a simple algorithm
can be applied to missing the missing records. In Section 2.4, missing values in
each sub-dataset is imputed using mean value of each feature.

The final step of data pre-processing is normalisation of the range of the
parameters. This step is essential when more than one input is used to train the
model. Applying inputs with different data ranges undermines lower range inputs.
This normalisation is normally done according to the following formula:

V ¼ X � Xmin

Xmax � Xmin
(2.3)

where V is the normalised variable and X is the variable.

2.3 Feature selection

There are a substantial number of monitored parameters in the wind turbine
SCADA systems. Taking them all into consideration for performance, evaluation is
not practical and may not even be helpful. Selection of appropriate features initially
depends on the desired modelling type and investigated target. In knowledge-based
modelling, it is very common to choose parameters solely based on the physical
knowledge of systems [14]. In this approach, parameters are chosen on the basis of
conceptual importance and influence. For instance, if power generation is being
monitored, the following equation can be utilised:

P ¼ 1
2
rACpV 3 (2.4)

where r is the air density, A is the rotor sweep area, V is the wind speed, and Cp is
the power coefficient. This coefficient is the ratio of real electric power produced
by a wind turbine divided by the total wind power flowing into the turbine blades at
a specific wind speed.

However, it is now clear that other factors should also be taken into con-
sideration to create more realistic models particularly because (2.4) is not accurate
at wind speeds larger than rated wind speed according to the power curve of a wind
turbine. In this chapter, two powerful methods are explained that either of them can
be employed based upon the modelling criteria.

2.3.1 Correlation coefficients
To distinguish all influential factors on the desired output parameter, correlation
analysis can be carried out. In this method, parameters that may initially
seem irrelevant but can potentially play a positive role in the establishment of
reliable models will be recognised. It should also be noted that machine-learning
algorithms will not perform well when the number of input parameters is relatively
high. Therefore, to find this optimum number, statistical correlation method is
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a suitable choice in addition to the physical knowledge of the system. The corre-
lation coefficient between parameters (r) is calculated by means of the following
equation:

r ¼
Pn

i¼1 xi � �xð Þ yi � �yð ÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn
i¼1 xi � �xð Þ2

q ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn
i¼1 yi � �yð Þ2

q (2.5)

where xi and yi are the two variables that are investigated for correlation that can be
any of the potential input parameters and the output, n is the number of data points
and �x and �y represent the mean values. This coefficient, which has a value from �1
to 1, shows the strength of the relationship between the two parameters. The
absolute value of 1 indicates perfect correlation while zero means no correlation.
Negative values show reverse relationship [14]. The greater value of r for each
signal indicates more influence of that signal on the output and consequently, that
signal is a more suitable input candidate.

2.3.2 Principal component analysis
Principal component analysis (PCA) is a valuable statistical method applied in a
variety of research areas to find a hidden pattern in high dimensional data. It helps
express and highlight similarities and differences in the dataset and can be utilised
for condition monitoring, pattern recognition, anomaly detection, etc. for various
industrial processes. In such applications, PCA, formulated as a multivariate sta-
tistical process control task, extracts a few independent components from highly
correlated process data and use them to monitor the operation of the process more
efficiently [15–17]. The following sections explain the mathematical basis for off-
line and recurrent PCA.

2.3.2.1 Off-line PCA
To create an off-line PCA model, the mean value of the data points should be zero.
To do so, the mean value of the recorded data points should be subtracted from
their original values. Afterwards, the covariance matrix is calculated and then its
eigenvalues and eigenvectors are determined. The next step is to choose the com-
ponents and form the features. To achieve this goal, eigenvectors are arranged
based on the eigenvalues from the highest to the lowest. This is to ultimately put the
components into an order of importance. Then, the items of lesser significance can
be removed. Finally, the new dataset is generated and that finishes the PCA
transformation. Once the significant components are kept and the feature vector is
created, the transpose of that vector is calculated and multiplied by the original
dataset on the left of the transposed.

Despite this method’s simplicity and popularity, it is only applicable to sta-
tionary models due to its off-line structure. To address this issue, the recursive PCA
as explained in the following section can be employed to track the dynamic beha-
viour of a system.
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2.3.2.2 Recurrent PCA
When PCA models are established from the data according to the aforementioned
procedure, they are time-invariant, unlike most actual industrial processes that tend
to change over time. The main characteristics of the industrial processes that are
time-varying include the changes in the mean, variance, and the correlation struc-
ture between variables that can affect the number of significant principal compo-
nents (PCs). In the case of applying a time-invariant PCA model for the condition
monitoring tasks in processes that might characteristically change over time, false
alarms will occur that obviously question the reliability of the model. Slow time-
varying behaviours are normally observed in industrial processes as a result of
equipment ageing, sensors or process drifting, and preventive maintenance and
cleaning. To address this issue, adaptive or recursive PCA models have been
developed [18,19].

The intent here is to develop a method to update the PCA whenever a new
block of data becomes accessible. Considering X 0

1 as the initial block of data, the
mean of each column is given in the vector

b1 ¼ 1
n1

X 1
0

� �T
1n1 (2.6)

where 1n1 ¼ 1; 1; . . .; 1½ �T 2 Rn1

The data is scaled to zero mean and unit variance is given by

S1 ¼ diagðs1:1; . . .; s1:mÞ (2.7)

X1 ¼ X 0
1 � 1n1 bT

1

� �
S�1

1 (2.8)

whose ith element is the standard deviation of the ith sensor; i ¼ 1; . . .;m. The
correlation matrix is

R1 ¼ 1
n1 � 1

X T
1 X1 (2.9)

The new block of data is expected to augment the data matrix and calculate the
correlation matrix recursively. Assume that bk , Xk and Rk have been calculated
when the kth block of data is collected. The task for recursive calculation is to
calculate bkþ1, Xkþ1 and Rkþ1 when the next block of data X n

nkþ1
2 Rnkþ1�m is

available. Denoting

X 0
kþ1 ¼ X 0

k
X 0

nkþ1

� �
(2.10)

for all the k þ 1 block of data, the mean vector bkþ1 is related to bk by the following
relation:

Xkþ1

i¼1

ni

 !
bkþ1 ¼

Xk

i¼1

ni

 !
bk þ X 0

nkþ1

� �T
1nkþ1 (2.11)
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Denoting Nk ¼Pk
i¼1 ni, the above equation yields to the following recursive cal-

culation:

bkþ1 ¼ Nk

Nkþ1
bk þ 1

Nkþ1
X 0

nkþ1

� �T
1nkþ1 (2.12)

The recursive calculation of Xkþ1 is given by

Xkþ1 ¼ X 0
kþ1 � 1kþ1bT

kþ1

	 

S�1

kþ1 ¼ X 0
k

X 0
nkþ1

� �
� 1kþ1bT

kþ1

� �
S�1

kþ1

¼ X 0
k � 1kDbT

kþ1 � 1kbT
k

X 0
nkþ1

� 1kþ1bT
kþ1

� �
S�1

kþ1 ¼ XkSkS�1
kþ1 � 1kDbT

kþ1S
�1
kþ1

Xnkþ1

� �
(2.13)

where

Xk ¼ X 0
k � 1kbT

k

� �
S�1

k (2.14)

Xnkþ1 ¼ Xnkþ1 1nkþ1 bT
kþ1

� �
S�1

kþ1 (2.15)

Sj ¼ diagðsj:1; . . .; sj:mÞ; j ¼ k; k þ 1 (2.16)

Dbkþ1 ¼ bkþ1 � bk (2.17)

The recursive computation of the standard deviation has the following relation-
ship [19]:

ðNkþ1 � 1Þs2
kþ1:i ¼ ðNk � 1Þs2

k:i þ NkDb2
kþ1ðiÞ þ kX 0

nkþ1
ð:; iÞ � 1nkþ1 bkþ1ðiÞk2

(2.18)

where X 0
nkþ1

ð:; iÞ is the ith column of the associated matrix. bkþ1ðiÞ and Dbkþ1ðiÞ are
the ith elements of the associated vectors and kAk is the norm of the matrix A.
Similarly, the recursive calculation of the correlation matrix has the following form:

Rkþ1 ¼ 1
Nkþ1 � 1

X T
kþ1Xkþ1 � Nk � 1

Nkþ1 � 1
S�1

kþ1SkRkSkS�1
kþ1

� Nk

Nkþ1 � 1
S�1

kþ1Dbkþ1DbT
kþ1S

�1
kþ1 þ

1
Nkþ1 � 1

X T
nkþ1

Xnkþ1 (2.19)

Therefore, (2.12), (2.13), and (2.19) create the recursive manner for the PCA
model.

2.4 Modelling design networks

This section introduces the design methodology to establish a monitoring system. It
is aimed to create an intelligent monitoring tool to fully track any desired parameter
of wind turbines. There are a substantial number of machine-learning tools that can
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be employed to achieve this goal. Based on the popularity in conducted studies,
achieved reliable results and the potential applicability in various types of studies,
two powerful and efficient networks of multi-layer perceptron (MLP) neural net-
work (NN) and adaptive neuro-fuzzy inference system (ANFIS) are selected to be
utilised here. The two states of static and dynamic models using such networks
are then explained. In addition, it is shown how these networks can be fused
together to benefit from complementary inference due to each individual MLP and
ANFIS networks. To do so, each network is individually trained over the entire
training dataset and a final decision is then made based upon an aggregation
space [20].

To develop this technique for the purpose of accurately monitoring the
machine performance, ordered weighted averaging (OWA) is introduced as the
fusion method to integrate inferences of MLP and ANFIS techniques. Finally, a
clarification of estimation and prediction concepts is presented followed by a per-
formance evaluation method for the established networks.

2.4.1 Multi-layer perceptron
MLP networks are widely applied for a variety of purposes in data-driven model-
ling. They are proven to create accurate networks with fast computational abilities.
They are feed forward NNs that create a mapping between input and output spaces.
They have been suitably utilised for pattern recognition, condition monitoring, fault
diagnosis, function approximation, and many other purposes [21–23]. The MLP
network consists of multiple layers of nodes in the forward direction and all nodes
in each layer are completely linked to the nodes of the following layer. There are
three layers of input, output, and hidden layers in its design. The nodes in the
hidden layer are neurones with a non-linear activation function that can take var-
ious shapes such as hyperbolic tangent, sigmoid, and so on. The output layers,
however, mostly apply nodes with linear functions, whereas input layer acts as a
buffer.

During the training of the network, weights of each input ðW1;W2; . . .;WnÞ
and also the bias term (b) are determined and then aggregated to be applied by the
activation function. In addition, MLP network employs the supervised learning
tool of error back propagation algorithm for training. A typical structure of
an MLP with n number of inputs, X1;X2; . . .;Xn; is illustrated in Figure 2.3.
To train the networks, the gradient descent with momentum method is an
acceptable choice. In this method, in addition to error calculation, the general
trend of the network error will also be determined. This creates a reduction in the
risk of local minima and leads to an enhanced generalisation [24]. The other
influential factor in the structure of this network is the number of neurones in the
hidden layer. To find the optimum number of neurones, it is recommended to run
at least ten times during which only the number of neurones is changed to seek
the configuration with the best generalisation [25,26]. This helps to avoid over-
fitting.
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2.4.2 Adaptive neuro-fuzzy inference system
ANFIS networks were initially introduced by Takagi and Hayeshi [27] and then
further developed by Jang [28]. They have been extensively operated in many
research works and were first employed by Schlechtingen et al. [7] for the purpose
of wind turbine monitoring. As the name implies, ANFIS networks are a combi-
nation of the quality-based fuzzy approach and NNs adaptive characteristics to
attain enhanced network performance.

Fuzzy logic (FL) creates an inference mechanism under cognitive uncertainty,
whereas NNs benefit from computational advantages such as adaption, fault tol-
erance, and generalisation. Therefore, ANFIS method is established as NNs and FL
are engaged for dealing with cognitive uncertainty in a more qualitative manner. In
practice, ANFIS is a fuzzy model that enables adapting and training in a flexible
system framework. As a result, ANFIS does not require expert knowledge to
establish the modelling system.

The mathematical transformation of the expert knowledge as required in FL
modelling is a time-consuming and demanding task to perform. On the other hand,
NNs can efficiently handle non-linear prediction and estimation with high com-
putational capabilities. Therefore, this integration of methods can create a compu-
tationally efficient environment while providing an inference mechanism.

The creation of an inference mechanism in FL is done by utilisation of mem-
bership functions. Mamdani [29] and Sugeno [30] have proposed two common
types of inference systems. In the Sugeno type, the consequent part is a non-fuzzy
equation, while a fuzzy linguistic value was proposed in the Mamdani type. The
Sugeno type is a more suited choice for wind turbine analysis mainly because of its
computational efficiency, continuity of the generated output surface, and also the
fact that a non-fuzzy equation represents the consequent part.

To model fuzzy rules into desired outputs, the Sugeno fuzzy model is imple-
mented as follows:

If x1 ¼ Ai and xn ¼ Bj then fi ¼ pix1 þ qixn þ ri

Hidden layer

Activation
function

∑ U

X1 W1

X2 W2

Xn Wn

b

Figure 2.3 A typical MLP network
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where pi, qi, and ri are adaptive design parameters that are regulated during the
training phase. A typical five-layer ANFIS structure is shown in Figure 2.4. In this
feed-forward structure, parameters in adaptive nodes are continuously modified
during the training. Mathematical summarisation of the layers is presented
herein [31].

Layer 1. The first layer consists of adaptive nodes. All the neurones in this
layer correspond to a linguistic label and the resulting output is equal to the
membership function of this layer.

OL1i ¼ mAiðx1Þ (2.20)

Layer 2. Contrasting to the previous layer, nodes in the Layer 2 are not adap-
tive (fixed). They approximate the firing strength (wi) of a rule determined
by multiplication of incoming signals.

OL2i ¼ wi ¼ mAiðx1ÞmBiðxnÞ (2.21)

Layer 3. The nodes in this layer are also fixed. The output of each layer is the
ratio of the ith rule firing strength over the summation of firing strengths of
all rules, as formulated in (2.22). These nodes normalise the firing strength
of the previous layer.

OL3i ¼ �wi ¼ wiPi
j¼1 wi

(2.22)

Layer 4. All the nodes in this layer are adaptive. The outcome of each node is
equal to multiplication of relative firing strength (calculated in the previous
layer) and the consequent parameter as

OL4i ¼ �wifi ¼ �wiðpix1 þ qixn þ riÞ (2.23)

Layer 5. The number of nodes is equal to the number of output parameters, in
this layer. This node acts as a summer and computes the summation of all
signals from Layer 4.

A1

A2

pi, qi, ri

pi, qi, riμA2
μB2

μA1
μB1 N

N

f∑
B1

B2

X1

X1 Xn

X1 Xn

w1

w2

Xn

Figure 2.4 A five-layer ANFIS structure
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OL5i ¼
Xj

i¼1

�wifi ¼
P

iwifiP
iwi

(2.24)

It should be noted that there is no unique structure for the design of ANFIS net-
works since a combination of some layers may still produce similar outcomes.
According to the structure shown in Figure 2.4, there are two adaptive layers.
Parameters in Layer 1, called premise parameters, are adjusted based on the input
membership functions. Additionally, in Layer 4, there are three modifiable para-
meters of pi, qi, and ri which are first-order polynomials that are considered con-
sequent. During the training phase, all these modifiable parameters are tuned in
such a way that the network overall error is minimised.

2.4.3 Static and dynamic networks
NNs can be represented in static and dynamic structures. In the static type, the
network is simply trained using the selected input parameters as described in the
following equation:

uðtÞ ¼ f x1ðtÞ; x2ðtÞ; . . .; xiðtÞð Þ (2.25)

where uðtÞ is the network output at the time t and xi is the ith input of the network.
In the proposed dynamic networks, in addition to the selected parameters as the

network inputs (xiðtÞ), the inputs and the output of the previous iteration time step
(xiðt � 1Þ and uðt � 1Þ) are also considered as the network inputs. In other words,
the output resulted from each set of inputs plus those inputs are also given to the
network for better training. In this case, the output function would be described as
follows:

uðtÞ ¼ g x1ðtÞ; x1ðt � 1ð Þ; x2ðtÞ; x2ðt � 1Þ; . . .; xiðtÞ; xiðt � 1Þ; uðt � 1ÞÞ
(2.26)

2.4.4 Fusion
Fusion schemes are designed to merge different networks together in order to
increase overall network accuracy that leads to an enhanced decision-making pro-
cess. The basic idea is to consider a specific weight for each network’s output and
then combine the result to benefit from the complementary interference of multiple
networks. Figure 2.5 illustrates such design in case of applying two networks. To
create such scheme, OWA can be employed. The OWA operator, in general, cre-
ates a class of parameterised aggregations operators including minimum, max-
imum, and the mean. The ideology of this operator has been employed in a variety
of applications including data mining, decision-making, approximate reasoning,
expert systems, fuzzy systems and control [32–35]. The key advantage of this
operator is the ability to encompass various operators bounded between a minimum
and a maximum value.
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An OWA operator creates a mapping of F: Rn ! R, where n is the space
dimension and the associated weight vector w ¼ ðw1;w2; . . .;wnÞT is in such a way
that satisfies the conditions expressed in the following equations:

w1 þ w2 þ � � � þ wn ¼ 1; 0 � wi � 1; i ¼ 1; 2; . . .; n (2.27)

F a1; a2; . . .; anð Þ ¼
Xn

i¼1

biwi (2.28)

where bi represents the ith largest of a1; a2; . . .; an.
The most important item in the application of an OWA operator is the

employed method to accurately determine the weights. We consider that there are
M number of various data, each of which includes values that are provided by N
information sources and also the ideal output which is intended to be estimated.
Therefore, each example consists of N þ 1 values and for the ith example, it can be
expressed as ai

1; a
i
2; . . .; a

i
N jbi, where ai denotes the value provided by the jth

information source and bi is the ideal output. For aggregation purposes, the goal is
to find the weighting vector w in such a way that the following condition is met:

minimise
XM
j¼1

w aj
1; . . .; a

j
n

� �� bj
� �2

(2.29)

Several methods have been utilised to address (2.29), gradient descent approach
being among the most popular, thanks to its high accuracy [36,37].

2.4.5 Estimation and prediction
In any data-driven modelling, networks can be established for two major purposes –
either estimation of the output is being targeted, or it is designed to predict the
future output value based on the current historical data. Defining the datasets for
network training depends on whether it is developed for estimation or prediction.
For estimation, at any time during a machine operation, the network is trained to
approximate the output value at time t when it is trained by input parameters at the
same time t. The mathematical representation of such monitoring is presented as
below:

UðtÞ ¼ f x1ðtÞ; x2ðtÞ; . . .; xiðtÞð Þ (2.30)

where U and xi represent the output and input parameters, respectively.

Network 1
w1

w2
Network 2

Output 1

∑
Overall
output

Output 2

Training
dataset

Figure 2.5 Schematic of designing a fusion network
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In contrast to estimation, when a network is designed to make a prediction of
future performance of a machine, input and output signals are not gathered at the
same time. In this situation, based on the available input signals at time t, network
is designed to predict the output at the time t þ n. The frequency in which the data
have been acquired determines the duration of time for prediction. For instance, if
the data is gathered every hour, n ¼ 1 means the prediction is being made for 1 h
into the future. Similarly, the mathematical expression for prediction is presented
as follows:

Uðt þ nÞ ¼ f x1ðtÞ; x2ðtÞ; . . .; xiðtÞð Þ (2.31)

2.4.6 Performance evaluation
To determine networks performance mean absolute error (MAE), the following
formula can be employed:

MAE ¼ 1
n

Xn

i¼1

xi � yij j (2.32)

where xi is the predicted value by the established network and yi is the actual value.
MAE indicates the closeness of predicted results with true values and thus creates
an appropriate understanding of the model accuracy.

2.5 A case study

In this section, a case study is presented to show how aforementioned techniques
and networks can be practically applied to establish a well-designed and accurate
monitoring system. In the following sections, the implementation of data pre-
processing and establishment of MLP and ANFIS networks in MATLAB� envir-
onment are explained.

2.5.1 Data pre-processing
2.5.1.1 Data range
As mentioned before, the first step is to check the data points range. To do so, a
reasonable range should be defined for all parameters based on expert knowledge
and the recorded values beyond this range are replaced with ‘‘Nan’’. It is imperative
to emphasise that these ranges do not represent the normal behaviour of the system
and cannot practically be true. For instance, Table 2.2 shows recorded values of
wind speed for five different turbines. As can be observed in the table, some
recorded values for turbines 3 and 5 are clearly false and need to be removed.

2.5.1.2 Outlier detection
Next step is to remove the data points that, despite falling into a reasonable range,
do not follow the same trend as most data points. A common method to detect such
values is to visualise the data and based on the results, define new ranges in a
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conditional manner for such parameters. Figures 2.6 and 2.7 show two examples of
such procedure.

2.5.1.3 Missing values
In this stage, the values that are originally missing or have been removed in the
previous steps are replaced with some reasonable data. To achieve this goal, a
combination of decision trees and mean value has been applied. The procedure is
detailed below [12] and summarised in Figure 2.8.

Table 2.2 Recorded values of wind speed in m/s for different turbines

Turbine 1 Turbine 2 Turbine 3 Turbine 4 Turbine 5

5 8 5 9 10
5 7 90000009536743 8 10000038146973
5 8 5 9 12
5 8 5 9 12
5 8 5 9 12
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Figure 2.6 Detection of outliers in the power curve

25

20

15

10

5

–5
6 8 10

Outliers

12
Rotor speed (RPM)

B
la

de
 p

itc
h 

an
gl

e 
(d

eg
re

e)

14 16

0

Figure 2.7 Detection of outliers; blade pitch angle vs. rotor speed
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Step 1: The first step is to divide the dataset into two parts where all instances
including a missing value will be placed in one dataset (D1) and the com-
plete instances are located in the other (D2).

Step 2: Then, a series of decision trees are built based on the complete dataset
(D2). The target feature of each tree is a feature that contains at least one
missing value that was identified in the previous stage. In this step, similar
data points are located in the tree leaves or sub-datasets of d1; d2; . . .; dj.
To be able to create these sub-datasets, the values are generalised to the
ni number of groups. ni is equal to the root square of the domain size of
feature i.

Step 3: At this stage, the rows of the dataset D1 are placed in the predicted leaf
of the respective tree. For this purpose, the missing feature of each row is
first identified and then the tree that has the same feature as its target is used
to find the correct leaf. If one instance has more than one missing value, that
record will be added to more than one leaf.

Step 4: The imputation is performed here using the mean value of each feature
in each leaf. Then, the missing value is replaced by the imputed one in D1.
Finally, D1 and D2 are merged together to form the complete imputed
dataset.

To calculate the imputation error various methods can be applied. The most
common approach is the normalised root mean square (NRMS) according to the
following expression:

NRMS ¼ kX estimate � X originalk
kX originalk (2.33)

SCADA data

Build N trees

N Features

Imputation Merge D1
and D2

F1–Fn

T1–Tn

Identify features with
missing values

D2 D1

Figure 2.8 Imputation procedure
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To validate the proposed method of imputation, a dataset containing 5 per cent
random missing values was created and the calculated NRMS was 0.0306. This
acceptable error level creates confidence to apply the method when the actual
records of the missing values are unknown.

2.5.2 Monitoring networks
In this section, initially, the method of determining the input parameters to monitor
output power is explained and then the MLP and ANFIS networks are trained.

To finalise the input space, a combination of PCA and knowledge of the sys-
tem is applied. Based on common sense and (2.4), wind speed is the most influ-
ential parameter on the power production and needs to be included in the input data.
The other features in the SCADA data are then applied to PCA modelling to
extracts to PCs. Finally, to create a recurrent or dynamic network, the latest
available power output is also considered as the final input. As explained in Sec-
tion 2.3.5, n is considered as the duration of time into the future for which a pre-
diction of power production is intended to be estimated. If t represents the present
time, the time of applying each set of inputs to predict the output at the time t þ n
is presented in Table 2.3. The frequency in which the data points are gathered
determines the time intervals into the future that the prediction can be made for. For
this study, the obtaining frequency is 1 h which means when n ¼ 1, the prediction
is for the average power production in the following hour, and n ¼ 2 shows the
prediction for the next 2 h.

It is also important to note that since the value of n is on the scale of hours, the
weather forecast for the wind speed would be precise enough and that is why in
Table 2.3, the wind speed is applied at the time t þ n.

The next step after determining the input and output spaces is to train the MLP
and ANFIS networks. To do so, the design parameters according to Table 2.4 are
employed.

The test errors of networks are summarised in Table 2.5. The results are based
on MAE in terms of kW for 2.3 MW pitch-regulated turbines. The modelling is
performed for three different conditions. At first, the networks are designed for
power estimation (n ¼ 0). Then, two future predictions for the state of n ¼ 1 and
n ¼ 2 have been performed.

Table 2.3 Time of applying each set of inputs to
predict the output at the time t þ n

Inputs Time

Principal component 1 t
Principal component 2 t
Wind speed t þ n
Power t � 1
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Although all networks produce acceptable error levels, in all conditions,
ANFIS networks outperform the MLP models and the results of merging the net-
works together are better than each individual network.

2.6 Conclusion

This chapter presented in detail all required steps to finalise a data-driven model for
the purpose of condition monitoring of wind turbines. The general advantages of
data-mining approach to establishing a reliable model were explained. This mod-
elling was divided into three general steps first of which was the pre-processing of
SCADA data. This process made the data applicable for training the networks.

Second, it was explained how correlation coefficient or PC analysis can be applied
for the purpose of choosing the most influential parameters as network inputs. That
mainly depends on the target feature that determines the monitoring type.

Next, two advanced networks of MLP and ANFIS with proven capabilities in
data-driven modelling and various types that they can be applied or combined were
described. That finalised the entire modelling process.

Finally, a case study was presented modelling the power curve in which all steps
were practically applied to establish well-structured models with acceptable error
levels.

Table 2.4 Networks design criteria

MLP
Error calculation Gradient descent
Performance goal 0.004
Learning rate 0.03
Maximum number of epochs 500
Activation function Sigmoid
Number of neurons in the hidden layer 8

ANFIS
MF type for inputs Gaussian
MF type for output Linear
Number of MFs Three for each input
Optimisation method Hybrid
Error tolerance 0.004
Maximum number of epochs 40

Table 2.5 Networks test MAE (kW)

MLP ANFIS Fusion

n ¼ 0 38 25 19
n ¼ 1 64 51 43
n ¼ 2 85 71 56
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Such advanced monitoring system, that can accurately track the performance
of the wind turbines, can be a persuasive factor for small communities to further
advance the utilisation of wind energy for power production.
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[17] Camacho J, Pérez-Villegas A, Garcı́a-Teodoro P, et al. PCA-based multi-
variate statistical network monitoring for anomaly detection. Computers &
Security. 2016;59:118–137.

[18] Wold S. Exponentially weighted moving principal components analysis and
projections to latent structures. Chemometrics and Intelligent Laboratory
Systems. 1994;23(1):149–161.

[19] Li W, Yue HH, Valle-Cervantes S, et al. Recursive PCA for adaptive process
monitoring. Journal of Process Control. 2000;10(5):471–486.

[20] Ng KC, and Abramson B. Consensus diagnosis: a simulation study. IEEE
Transactions on Systems, Man, and Cybernetics. 1992;22(5):916–928.

[21] Salahshoor K, Kordestani M, and Khoshro MS. Design of online soft sensors
based on combined adaptive PCA and RBF neural networks. In: Computa-
tional Intelligence in Control and Automation, 2009. CICA 2009. IEEE
Symposium on. IEEE; 2009. p. 89–95.

[22] Shrme AE. Hybrid intelligent technique for automatic communication signals
recognition using bees algorithm and MLP neural networks based on the
efficient features. Expert Systems with Applications. 2011;38(5):6000–6006.

[23] Waqar T, and Demetgul M. Thermal analysis MLP neural network based
fault diagnosis on worm gears. Measurement. 2016;86:56–66.

[24] Schlechtingen M, and Santos IF. Comparative analysis of neural network
and regression based condition monitoring approaches for wind turbine fault
detection. Mechanical Systems and Signal Processing. 2011;25(5):1849–
1875.

[25] Swingler K. Applying neural networks: a practical guide. San Francisco,
CA: Morgan Kaufmann; 1996.

[26] Caselitz P, and Giebhardt J. Advanced maintenance and repair for offshore
wind farms using fault prediction techniques. In: Proceedings of the World
Wind Energy Conference; 2002.

[27] Takagi H, and Hayashi I. NN-driven fuzzy reasoning. International Journal
of Approximate Reasoning. 1991;5(3):191–212.

[28] Jang JS. ANFIS: adaptive-network-based fuzzy inference system. IEEE
Transactions on Systems, Man, and Cybernetics. 1993;23(3):665–685.

[29] Mamdani EH. Application of fuzzy logic to approximate reasoning using
linguistic synthesis. In: Proceedings of the Sixth International Symposium
on Multiple-Valued Logic. IEEE Computer Society Press; 1976. p. 196–202.

[30] Sugeno M. Industrial applications of fuzzy control. New York, NY: Elsevier
Science Inc.; 1985.

Data-driven methods for prediction of wind turbines performance 25

www.TechnicalBooksPDF.com



[31] Salahshoor K, Kordestani M, and Khoshro MS. Fault detection and diagnosis
of an industrial steam turbine using fusion of SVM (support vector machine)
and ANFIS (adaptive neuro-fuzzy inference system) classifiers. Energy.
2010;35(12):5472–5482.

[32] Herrera-Viedma E, Cordón O, Luque M, et al. A model of fuzzy linguistic
IRS based on multi-granular linguistic information. International Journal of
Approximate Reasoning. 2003;34(2–3):221–239.
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Chapter 3

Optimization of wind farms for communities

Ahmadreza Vasel-Be-Hagh1

Abstract

Energy supplies are moving away from environmentally damaging, finite, and
expensive fossil fuels to renewable energy resources through technological inno-
vations. Wind energy is one of the most advanced renewable energy resources due
to the extensive research that has been ongoing over the last decades to optimize
aerodynamic performance of wind turbines, structural design of wind turbines,
control strategies, site selection, and the layout of wind farms. This chapter outlines
fundamental elements of wind-farm-layout optimization including optimization
parameters, objective functions, wake loss models, and search methods. Optimi-
zation parameters include base location, number, rotor diameter, hub height, rota-
tional direction, and yaw angle of wind turbines, as well as shape of wind farm
area. In the wake loss models section, all existing wake-loss models including large
eddy simulation, nonlinear and linearized Reynolds-averaged Navier–Stokes
models, stochastic models, kinematic models, and empirical models are discussed.
In addition, different search methods, from simple greedy search algorithms to
advanced genetic algorithms (GAs), are briefly reviewed and compared.

3.1 Introduction

The operational performance of a wind turbine sited in a wind farm – of any scale:
either a small onshore community-sized wind farm or a commercial-sized offshore
wind farm – is negatively affected by the wake of other wind turbines. Hence,
under similar wind conditions, the annual energy production (AEP) of a wind tur-
bine sited in a wind farm is always significantly less than that of an identical single
isolated wind turbine. To put this into perspective, the relative power production
(PP) of a turbine located in the second row of the Nørrekær wind farm, an onshore
wind farm in Denmark, is approximately 40%–50% of a single isolated turbine
under similar free-stream conditions when wind blows along the column of the
turbines. Wind-farm-layout optimization, in its classic definition, is known as

1Department of Mechanical Engineering, Tennessee Technological University, USA
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optimizing the position of wind turbines in order to minimize the above-described
negative wake effect. In more advanced and inclusive analyses, however, several
other characteristics of the wind farm, including, number of turbines [1,2], rotor
diameter (i.e., turbine type) [3,4], hub height [3,5–10], rotational direction [11], and
length of power transmission lines [12–20] are determined simultaneously with the
position of wind turbines in order to optimize the AEP of the wind farm, the
environmental impacts, and the economic benefits.

The process of optimizing the layout of a wind farm consists of two major
steps (Figure 3.1). First, a search algorithm is required to identify all possible
layouts over the given wind farm area. Second, a wake-loss model is required to
predict the PP of the layout identified in the first step. Depending on the way
through which the interaction between these two steps is defined, optimization
techniques can be classified as one-way or two-way algorithms.

In optimization algorithms with the one-way structure, the search process is
independent of the power prediction step. The search algorithm identifies a layout,
and then, the PP of the identified layout is predicted and stored by the power
prediction module of the optimization algorithm [Figure 3.1(a)]. Once the search is
completed, the layout with the maximum power (or maximum AEP) is selected as

Wind farm
area shape

Wind
information

AEP prediction
module

Turbine
information

AEP of the
layout

Number of
turbines

(a)

Search
algorithm

Layout

(b)

Wind farm
area shape

Wind
information

AEP prediction
module

Turbine
information

AEP of the
layout

Number of
turbines

Search
algorithm

Layout

Figure 3.1 Wind-farm-layout optimization algorithm with (a) a one-way and (b) a
two-way structures
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the optimal layout. One example of a one-way optimization structure is the algo-
rithm developed by Ghaisas and Archer [21]. They described a wind farm layout
using four independent design parameters defined as the spacing between con-
secutive turbines in the X-direction (SX), the spacing between consecutive turbines
in the Y-direction (SY), the staggering of alternate rows in the Y-direction (SDY),
and the angle between rows and columns (b). Then, hundreds of layouts are iden-
tified by assigning ranges of values to those discrete design parameters (i.e., SX,
SY, SDY, and b) and PP of each layout is predicted using geometric models (GMs).
Finally, the layout with highest PP is chosen as the optimal layout. During this
exhaustive search for identifying possible layouts, no information is communicated
between the search and the power prediction modules, and all of the layouts are
identified upfront.

In optimization algorithms with a two-way structure, however, the search
algorithm constantly communicates with the power prediction module and modifies
the search process accordingly [Figure 3.1(b)]. Hence, the two-way optimization
algorithms are more sophisticated; however, they are smarter and are able to
identify more efficient optimal layouts in a shorter period of time. For instance, in
the optimization algorithm developed by Vasel-Be-Hagh and Archer [5], first, a
turbine-placement grid with Ng grid points is mapped onto the wind farm area, and
the optimization algorithm is initialized by placing one turbine at one of the grid
points. Then, the second turbine is placed at all ðNg � 1Þ available locations one by
one to determine the base location for which AEP of the two placed turbines is
maximized. This procedure continues until n reaches NT , where NT is the total
number of turbines. This dynamic programing approach identifies the optimal
layout by adding one turbine at a time according to the information that is being
communicated between the search and the power prediction modules.

In this chapter, first all optimization variables and objective functions that need
to be taken into account to develop an efficient design for a community-sized wind
farm are discussed (Section 3.2). Then, different kinds of wake-loss models that
have been introduced in literature in order to predict PP of a given wind farm are
presented (Section 3.3). Finally, available search algorithms that have been devel-
oped for wind-farm-layout optimization purposes are presented and discussed
(Section 3.4).

3.2 Objective functions and optimization variables

Wind-farm-layout optimization includes identifying not only the optimal positions
for the turbines to maximize the power or the AEP of the wind farm but also the
optimal hub height, the optimal number of turbines, the optimal rotational direc-
tion, and the optimal rotor diameter (i.e., turbine type) to minimize the levelized
cost of energy (LCOE), to minimize the adverse environmental impacts such as
noise production, and to minimize the fatigue loads acting on the wind turbines. In
this section, all of these objective functions and optimization variables are intro-
duced and discussed in details.
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3.2.1 Objective functions
A list of the most essential objective functions that are required to be optimized in
order to develop an efficient design for a commercial-sized wind farm is presented
in Table 3.1. Among all, the AEP of the wind farm is the most critical objective
function in a wind-farm-layout optimization analysis. The AEP of a wind farm is
calculated as

AEP ¼
X360

i¼1

fri �
Xn1

j¼1

pw uj

� �
Pc uj

� �Xnt

k¼1

Prelðk;iÞ
� �" #

þ
Xn2

j¼n1

pw uj

� �
PratedNT

� � !
�nh

" #

(3.1)

where fri is the relative frequency of wind in direction i, pw uj

� �
is the probability

of having wind at speed of uj ¼ ð0:5 þ jÞdu in direction i and is calculated via
Weibull distribution [Eq. (3.2)], du is the wind speed resolution, PcðujÞ is the
power obtained from the power curve of wind turbine at wind speed of uj, Prated is
the rated power of wind turbines, n1 and n2 are respectively defined as
n1 ¼ 1 þ urated=du and n2 ¼ ucut�out=du, Prel is the relative power calculated via a
wake-loss model, and nh ¼ 8,760 denotes number of hours per year. The Weibull
distribution, used in (3.1) to represent the wind velocity probability density ranging
from the cut-in to the cut-out wind speeds, is defined as

Pw uð Þdu ¼ kw

cw

� �
u

cw

� �kw�1

exp � u

cw

� �kw
" #

du; (3.2)

in which Pw, u, kw, and cw are probability density, wind speed, shape factor, and
scale factor, respectively.

In many of the wind farm optimization studies, the farm-averaged PP of the
wind farm, defined as the total PP of the farm divided by the total number of
turbines, is simply used as the objective function of the optimization analysis. It is
important to note that a wind farm optimized by maximizing its PP is not neces-
sarily identical to the optimal layout which is obtained based on maximizing the
AEP, and as the AEP is what really matters as the total output of a wind farm, it is

Table 3.1 Objective functions considered for wind farm design and development

Objective functions Objective Literature

Annual energy production (AEP) Maximizing [14,18,22–26]
Power production (PP) Maximizing [6,13,27–32]
Levelized cost of energy (LCOE) Minimizing [2,24,27,33–38]

[12,39–46]
Net present value (NPV) Maximizing [47–50]
Noise propagation (NP) Minimizing [1,2,51–53]
Loads acting on wind turbines (WTL) Minimizing [27,28,54]
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recommended to use the AEP as the main objective function of the wind-farm-
layout optimization analysis.

Another popular objective of wind-farm-layout optimization algorithms is
minimizing the LCOE ($/kW h). In general, the LCOE is defined as the average
total cost to build and operate a wind farm over its lifetime divided by the total
energy output of the wind farm over that period of time. Accordingly, the LCOE is
calculated as

LCOE ¼ CInv

aEa
þ CO&M

Ea
(3.3)

where CInv ¼ CRNA þ CSS þ CElect þ CDecom is the capital cost in which CRNA is the
rotor-nacelle assemblies costs, CSS includes the support and the structure costs, CElect

denotes the electrical interconnection costs, CDecom is the decommissioning cost,
CO&M is the operational and maintenance costs, and a is the annuity factor defined as

a ¼
1 � 1= 1 þ rð Þð ÞT
� 	

r
(3.4)

where T is the lifetime of the wind farm in years and r is the interest rate in (%) and
is defined as the summation of discount rate and inflation rate. In (3.3), Ea is the net
effective expected electrical energy of the wind farm and is defined as

Ea ¼
XNT

i¼1

EWT ;i � EWL;i � ECL;i

� �� ELT

" #
(3.5)

where EWT ;i is the maximum possible energy production of turbine i assuming that
turbine i is a front-row turbine, EWL;i is the energy that turbine i loses due to wake
effects, ECL;i stands for the energy that turbine i loses through the collection cables,
and ELT is the energy loss through the transmission cables.

If the interest rate is low, then it is more efficient to use the net present value
(NPV) instead of the LCOE as the objective function for a wind-farm-layout
optimization. The NPV is defined to take into account the fact that a given amount
of money is more valuable now than it will be in the future as it can be used now to
make more money in the future. The NPV is defined as

NPV ¼ P1

1 þ rð Þ1 þ
P2

1 þ rð Þ2 þ � � � þ Pn

1 þ rð Þn (3.6)

in which r is the rate of interest and must be given as a decimal (not percent), and
Pi stands for the yearly payment of the ith year.

The noise created by a community wind farm, which is located near residential
areas, may be annoying to people living nearby; hence, the layout of those
wind farms must be developed so that the noise level of the farm is minimized.
Noise created by wind farms has two different sources; first, the aerodynamic noise
produced by the blades of turbines cutting through the air on their downward
motion, and second, noise made by the gearbox system. Employing thinner blades
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and shifting to direct drive (i.e., gear-less), wind turbine technologies are efficient
approaches to reduce noise of wind turbines at the manufacturing stage. At the
wind farm design and development stage, however, the total noise production of
a wind farm can be reduced by smart placement of wind turbines. In community
wind projects, turbines are normally placed in the wind farm based on a trade-off
between maximizing the AEP of the wind farm and minimizing its noise propa-
gation. The noise calculations are usually conducted based on the International
Standard ISO 9613 which includes a general method of calculation for attenuation
of sound during propagation outdoors. Accordingly, sound pressure level of each
wind turbine at each receptor location is calculated as

Lp ¼ Lw þ Dc � Af (3.7)

where Lw ¼ 100 dB [1] is sound power level, Dc stands for directivity correction in
dB if the source does not emit sound equally in all directions, Af is the octave-band
attenuation defined as

Af ¼ Adiv þ Aatm þ Agr þ Abar þ Amisc (3.8)

in which Adiv is the attenuation due to geometrical spreading, Aatm is the attenuation
due to air absorption, Agr is the attenuation due to ground absorption and reflection,
Abar is the free field diffraction attenuation of a barrier, and Amisc is the attenuation
due to miscellaneous effects such as weather variability and dispersion through
complex acoustical structures. International Energy Agency has provided the fol-
lowing approximation for (3.7),

Lp dirð Þ ¼ Lw � 10 � log 2Pd2
ir

� �� adir (3.9)

where the indices i and r represent turbine and receptor, d is the distance between
turbine and receptor, and a ¼ 0:005 dB=m is a constant. Individual sound pressure
levels calculated via (3.9) are then summed up using the following equation:

Lp;avg ¼ 10 � log
Xns

i¼1

X8

j¼1

100:1 Lp i;jð ÞþAf i;jð Þð Þ
 ! !

; (3.10)

in which ns is number of sound sources (i.e., number of turbines), Lpði; jÞ is the
individual sound pressure level associated with turbine i and octave band j.

Finally, minimizing the fatigue loads acting on the structure of wind turbines
can be considered as another objective function for wind-farm-layout optimization
analyses as the damage equivalent loads in a wind farm are highly affected by
partial wake overlap and can be significantly decreased by smart placement of
turbines and smart handling of yaw-misalignment [27,28,54].

3.2.2 Optimization variables
If changing the value of a parameter simultaneously exerts a positive and a negative
effect on the objective function of a problem, then that parameter can be considered
as an optimization variable and there might be an optimal value for it. The most
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popular optimization variables for wind-farm-layout optimization analyses are
presented in Table 3.2.

For instance, by lowering the hub height of the downstream wind turbine by a
specific length equal to k � d, where k is the decay coefficient (k ¼ 0.04 and 0.078
for offshore and onshore wind farms, respectively) and d is the axial distance
between the turbines, the downstream wind turbine starts to become unexposed to
the upstream wake (see Figure 3.2). This positively affects the PP of the

Table 3.2 Optimization variables considered for wind
farm design and development

Optimization variables Studies

Turbine positions [12,18,33,55–61]
Number of turbines [1,13,45,62,63]
Rotor diameter [3,4]
Hub height [4–6,8,64]
Electrical cable length [12–20]
Rotational direction [11]
Wind farm area [40,52,65–67]

h

Wind

Wake

Wind speed profile

Wind speed (m/s)

d

10 m

Hmax Hmax

Hmin

0 1 2 3 4 5 6 7 8 9 10

Figure 3.2 Two in-line wind turbines aligned with the wind direction. The
upstream turbine is placed at Hmax while the hub height of the
downstream turbine may vary from Hmax to Hmin [5]
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downstream wind turbine. On the other hand, due to the shear effect, lowering the
hub height of the downstream wind turbine causes a reduction in the speed of the
wind experienced by this wind turbine, which negatively affects its PP. Due to
this simultaneous positive and negative effects that are brought about by variation
of the hub height of the downwind turbine, the ‘‘hub height’’ can be considered as
an optimization variable, and in fact, in many cases, a compromise between the
two negative and positive effects can be reached so that the maximum PP of the
downstream wind turbine can be achieved at a height lower than the hub height of
the upstream wind turbine. Building the downstream wind turbine at this optimal
hub height not only increases the PP but also slightly decreases the average height
of the wind farm leading to a reduction of the capital and the maintenance
costs [5].

3.3 Wake-loss models

A list of the most popular wake loss models used for wind farm design and
development purposes is provided in Table 3.3. These models are described in
detail in the following sections.

3.3.1 Large eddy simulations
3.3.1.1 Governing equations
Large eddy simulations (LESs) govern dynamics of large eddies by removing those
with scales smaller than a filter width from the unsteady Navier–Stokes equations
and modeling their effects using a subgrid-scale model. The filter width is defined
as D ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

DxDyDz3
p

where Dx, Dy, and Dz are cell sizes in the x, y, and z directions,
respectively. The incompressible formulations of the filtered continuity and
momentum equations are as follows:

@�ui

@xi
¼ 0 (3.11)

@�ui

@t
þ @�ui�uj

@xj
¼ � @bp

@xi
� @tD

ij

@xj
� 1
r0

@p0ðx; yÞ
@xi

þ Fext (3.12)

where the bar denotes spatially resolved components; i, j, and k are the indices of
the three spatial components x, y, and z; u is the wind speed; t is time; bp is the
modified pressure defined as ½�pðx; y; z; tÞ=r0 � p0ðx; yÞ=r0 þ r0gz=r0 þ ðtkkÞ=3�;
p and p0 are the static and mean pressure; r0 is the reference air density; tD

ij is the
traceless part of the wind stress tensor; and Fext stands for the external forces
applied to the wind, including those induced by the wind turbines. According to the
Boussinesq eddy viscosity assumption, the traceless stress tensor tD

ij given in (3.12)
is defined as

tD
ij ¼ �2nt

�Sij (3.13)
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in which the kinematic eddy viscosity nt is defined using the subgrid-scale model
proposed by Smagorinsky [68] as

nt ¼ csDð Þ2 �S
�� �� (3.14)

where cs ¼ 0:168 is the Smagorinsky constant, �Sij ¼ @�ui=@xj þ @�uj=@xi

� �
=2 is the

filtered strain rate tensor, and �S
�� �� ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffi

2�Sij
�Sij

q
is the norm of the filtered strain

rate tensor. The external force Fext term in (3.12) includes the Coriolis force, the
buoyancy force, and the force exerted by turbine blades that is calculated using
the actuator line model presented in Section 3.3.1.2. Accordingly, the external force
Fext can be expressed as

Fext ¼ 1
r0

Fi þ g
�q � q0

q0

� �
di3 � ei3k f �uk (3.15)

where Fi is the force generated by the actuator line model, eijk is the alternating unit
tensor, g stands for the gravitational acceleration, q is the potential temperature,
q0 ¼ 300 K is the reference temperature, dij is the Kronecker delta, and f is the
Coriolis parameter defined as f ¼ 2W sinf in which W is the earth rotational speed
(�2:95 � 10�5 rad=s), and f is the site latitude. The following potential temperature

Table 3.3 The most popular wake loss models used in wind energy applications

Wake loss models
Large eddy simulations (LES)

● LES with actuator lines
● LES with actuator disks

Non-linear Reynolds-averaged Navier–Stokes (RANS) models
● K � e with actuator lines/disks
● K � w with actuator lines/disks

Stochastic models
Linearized RANS models

● Ainslie
● Fuga

Kinematic (analytical) models
● PARK (Jensen)
● Bastankhah/Porté Agel (BPA)
● Xie/Archer
● Geometric model
● Frandsen
● Larsen

Experimental models ● Ishihara
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equation needs to be solved coupled with (3.11) and (3.12) to obtain the potential
temperature needed to calculate the buoyancy term in (3.15),

@�q
@t

þ @ �uj
�q

� �
@xj

¼ @qj

@xj
(3.16)

where qj represents the temperature flux defined as

qj ¼ � nt

Prt

@�q
@xj

; (3.17)

and Prt is the subgrid turbulent Prandtl number defined as [69]

Prt ¼ 1
1 þ 2 l=Dð Þ (3.18)

in which,

l ¼ min 7:6
nt

D
s�ð1=2Þ
� 	

;D
� 	

if s> 0

D if s � 0

(
(3.19)

and

s ¼ g

q0

@�q
@z

: (3.20)

Usually, l ¼ D, and hence, Prt ¼ 1=3.

3.3.1.2 The actuator line model
The actuator line modeling, proposed by Sørensen and Shen [70], is usually
employed along with LESs to model the effect of wind turbines. In this model, the
turbine blades are represented by three rotating lines that are discretized into Nbe

blade elements with centers located at xn; yn; znð Þ. Nbe is recommended to be at least
40. Using airfoil lookup tables, the aerodynamic forces are calculated for each
blade element f a

i xn; yn; zn; tð Þ. Summation of the aerodynamic forces of blade ele-
ments corrected via a regularization kernel yields the body force exerted by the
blades onto the flow field,

Fi ¼
X40

n¼1

f a
i xn; yn; zn; tð Þ

p3=2e3
exp � rn

e

� 	2
� 


; (3.21)

where f a
i xn; yn; zn; tð Þ is the actuator element force, Fi is the force field projected as

a body force onto computational fluid dynamics (CFD) grid, rn is the distance
between CFD cell center and the blade element, and e is used to control
the Gaussian width so that it spans from the leading edge to the trailing edge of the
blade elements. The value of e is recommended to be lc=4:3, where lc indicates
the chord length of the blade elements, so at both trailing and leading edges
(i.e., rn ¼ lc=2), the exponential term is reduced to approximately 1% of its max-
imum [71]. The power calculations are based on the aerodynamic torque that is
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exerted on the blades. Multiplying the aerodynamic torque by the rotational speed
of the rotor yields the power output.

3.3.2 Nonlinear Reynolds-averaged Navier–Stokes (RANS) models
3.3.2.1 Governing equations
The continuity and the momentum equations using the Reynolds-averaged Navier–
Stokes (RANS) decomposition are as follows:

@Ui

@xi
¼ 0 (3.22)

rUj
@Ui

@xj
¼ � @P

@xi
þ @

@xj
m

@Ui

@xj
þ @Uj

@xi

� �� 

þ @

@xj
mt

@Ui

@xj
þ @Uj

@xi

� �� 

þ Fext

(3.23)

in which mt is turbulent viscosity and is defined using a two-equation closure
model, such as the k � e or the k � w models. Turbulent viscosity in the k � e
model is defined as

mt ¼ rCn
k2

e
(3.24)

where k and e are turbulent kinetic energy and the kinetic energy dissipation rate,
respectively. The transport equations for k and e are

ui
@k

@xi
¼ @

@xi
nþ nt

sk

� �
@k

@xi

� 

þ nt

@ui

@xj
þ @uj

@xi

� �
@ui

@xj
� e (3.25)

ui
@e
@xi

¼ @

@xj
nþ nt

se

� �
@e
@xi

� 

þ Ce1Pk

e
K
� Ce2

e2

k
(3.26)

where Cn, Ce1, and Ce2 are the standard model constants, and (sk , se) are the
turbulent Prandtl numbers for k and e, respectively. In (3.23), Fext stands for the
external forces applied to the wind, including those induced by the wind turbines.
Wind turbine forces can be modeled through the actuator line model described in
Section 3.3.1.2, or using the actuator disk model described in the following section.

3.3.2.2 The actuator disk model
In the actuator disk model, the wind turbine rotor is modeled as a disk with a
diameter equal to the rotor diameter of the real wind turbine and a depth equal to
the thickness of the blades. The Fext is then defined as

Fext ¼ 1
2
rCT U2

0

Dx
(3.27)

where U0 is the inlet velocity at hub height level, Dx stands for the control volume
length and is equal to the actuator disk thickness, and CT is the thrust coefficient
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defined as

CT ¼ T

ð1=2ÞrU21AD
(3.28)

in which U1 is free stream wind speed, AD ¼ pD2=4 stands for the rotor swept
area, and T is the thrust force and is a function of lift (CL) and drag (CD) coeffi-
cients obtained through airfoil lookup tables.

3.3.3 Stochastic models
The stochastic models are introduced to fill the gap between the accurate, however,
computationally expensive CFD-based models and less accurate, however, com-
putationally efficient analytical models. One of the most effective stochastic
models is the wake model proposed by Doubrawa et al. [72] based on LESs of an
offshore wind farm. The proposed stochastic model was found to successfully
reproduce the mean characteristics of the original LES wake, including its area and
stretching patterns, statistics of the mean azimuthal radius, the mean and standard
deviation of the wake width and height, and the velocity deficit and meandering. In
this model, the cross-section of the wake is defined as a series of wake radius versus
azimuth rwðqÞ, where q is the azimuth angle with respect to the vertical direction
and rw is the distance between the center of the wake from the boundary of the
wake at the azimuth angle of q. The rw is then decomposed into hrwi and r0w as
rw ¼ hrwi þ r0w in which hrwi is the azimuthal mean radius and r0w stands for radii
perturbations. At each iteration, hrwi is estimated using stochastic methods, and r0w
is obtained using spectral analysis. The azimuthal mean radius hrwi is further
decomposed into a constant temporal mean hrwi and a dynamic perturbation hrwi0
around the constant temporal mean. The values of hrwi are extracted upfront from
the LES and will be provided by the user as initial conditions of the wake simulator.
These values are given in [72] for different distances downstream of turbines. The
perturbations hrwi0, however, are obtained at every time step through a first-order
autoregressive model as

hrwi0t ¼ r1hrwi0t�1 þ eðtÞ (3.29)

where r1 ¼ 0:9 is the first-order autocorrelation for the hrwi0 time series obtained
from the LES data which was found to be approximately the same for different
distances downstream, and eðtÞ are the random innovations in the form of white
noise that make up the time series variability. These innovations are randomly
sampled from a normal distribution of mean m ¼ 0 and standard deviation
s ¼ 0:05R which were determined based on the original LES time series of wake
radii. More information on stochastic wake models can be found in [73,74].

3.3.4 Linearized RANS models
3.3.4.1 Ainslie model
Ainslie wake model, proposed by Ainslie [75], is a two-dimensional model based
on the assumptions that wake of a wind turbine is axisymmetric and pressure
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gradients are negligible in the wake region. The continuity and momentum equa-
tions in free stream direction and in cylindrical coordinates are as follows:

1
r

@ðrvÞ
@r

þ @u

@x
¼ 0 (3.30)

u
@u

@x
þ v

@u

@r
¼ � 1

r

@ ru0v0
� �
@r

(3.31)

where

�u0v0 ¼ eðxÞ @u

@r
(3.32)

where e is eddy viscosity and is assumed to be a function of distance downstream of
the wind turbine. Ainslie decomposed the eddy viscosity term into the ambient
eddy viscosity of the atmosphere and the eddy viscosity generated by the wake as

eðxÞ ¼ ea þ ewðxÞ ¼ ea þ kb U1 � ucðxÞð Þ (3.33)

in which k is constant and is empirically found to be 0.015, and b is the wake width
and is defined as follows based on wind tunnel data

b ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

3:56CT

4 U1 � ucð Þ 2 � U1 � ucð Þð Þ

s
(3.34)

where uc is wind speed at the centerline of the wake. The Ainslie model is not valid
in the near wake area (within 2D from downwind of the rotor), and the following
Gaussian velocity profile is used as a boundary condition at x ¼ 2D,

1 � uðrÞ
U1

¼ U1 � ucð Þexp �3:56
r

b

� 	2
� �

(3.35)

where u is the wind speed at radial distance r with respect to the center line and
axial distance x ¼ 2D downwind of the wind turbine. The initial wind speed deficit
at the centerline of the wake is

U1 � uc ¼ CT � 0:05 � 16CT � 0:5ð Þ I

10
(3.36)

where I is the ambient turbulence intensity.

3.3.4.2 Fuga model
Ott et al. [76] developed a linear RANS model called Fuga by employing a very
simple closure instead of the one introduced through (3.24)–(3.26) in the k � e
model. According to the Fuga model,

mt ¼ rku�z (3.37)

where k ¼ 0:4 is the Von Karman constant, z is the height from the surface, and u�

is the shear velocity defined as u� ¼ ffiffiffiffiffiffiffi
t=r

p
in which t is the surface shear stress.
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3.3.5 Empirical wake models
There are several wake loss models that are based on experimental data, such as the
Ishihara model developed by Ishihara et al. [77] by using wind tunnel data for a
scaled model and assuming a Gaussian velocity profile. The wind speed deficit in
the Ishihara model is given by

U1 � u ¼
ffiffiffiffiffiffi
CT

p
U1

32
1:666

k1

� �2 x

D

� 	�p
exp � r2

D2
w

� �
(3.38)

where Dw is the wake diameter defined as

Dw ¼ k1C0:25
T

0:833
D1�0:5px0:5p (3.39)

in which p is defined as

p ¼ k2 Ia þ Iwð Þ (3.40)

where Ia and Iw are the ambient turbulence intensity and the turbulence intensity
induced by the wind turbines, respectively. Iw is estimated as

Iw ¼ k3CT

max Ia; 0:03ð Þ 1 � exp
�x2

25D2

� �� �
; (3.41)

and coefficients k1, k2, and k3 are 0.27, 6, and 0.004, respectively.

3.3.6 Kinematic (analytical) models
The six most popular kinematic wake models, also called analytical wake models,
which have been developed for wind energy applications are PARK (Jensen), Xie–
Archer (XA), Bastankhah and Porté-Agel (BPA), Larsen, Frandsen, and GM. These
models are respectively described in the following sections.

3.3.6.1 PARK
The PARK model, developed by Jensen [78,79], is underpinned by two major
assumptions; first, the velocity deficit is conserved as the wake linearly expands
downstream of the wind turbine, and second, the velocity deficit is only a function
of the distance x downstream of the turbine. Accordingly,

d ¼ dðxÞ ¼ U1 � UðxÞ
U1

; (3.42)

where x is the axial distance downwind of the turbine and is often expressed as
multiples of the turbine diameter D, and UðxÞ is the wind speed at distance x. In the
PARK model, (3.42) is expressed as

dðxÞ ¼ 2a

1 þ kwðx=DÞð Þ2 ; (3.43)
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where kw is the wake decay coefficient, which is a dimensionless constant and its
value depends on the surface roughness. Values of kw ¼ 0:04 and 0:078 are
recommended for offshore and onshore conditions, respectively. In (3.43), the
induction factor a is expressed as a function of thrust coefficient CT as

a ¼ 1 �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 � CT

p
: (3.44)

The diameter of the wake Dw is therefore

Dw ¼ DwðxÞ ¼ D 1 þ 2kw
x

D

� 	
: (3.45)

In the PARK model, the only relevant spatial variable is x, and hence, the wind
speed and the wind speed deficit along y and z are uniform, which leads to an axis-
symmetric conical-shaped wake.

3.3.6.2 Xie and Archer (XA) model
The XA wake loss model, developed by Xie and Archer [80], is the only wake loss
model that truly depends on z and y as it predicts a wake that is not axis-symmetric or
conical, but ellipsoidal, which is a more realistic approximation, in particular in the
presence of wind shear [81]. The wind speed deficit in the XA model is defined as

d ¼ dðx; y; zÞ ¼ dhubexp � ðz � HÞ2

2s2
z

þ y2

2s2
y

" #( )
(3.46)

dhub ¼ dhubðxÞ ¼ 1 �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 � CT

8 sysz=D2
� �

s
(3.47)

sy

D
¼ syðxÞ

D
¼ ky

x

D
þ e;

sz

D
¼ szðxÞ

D
¼ kz

x

D
þ e; (3.48)

where H is the hub height, ky ¼ 0:025 and kz ¼ 0:0175 are the growth rate of the
wake in the y and z directions, obtained from a fit to LES results of a single turbine
wake under neutral stability [80].

3.3.6.3 Bastankah and Porté-Agel (BPA) model
Although the BPA model has an explicit dependency on y and z, where y and z are
the span-wise and vertical coordinates, respectively, the cross-section of the wake
is always a circle. The wind speed deficit in the BPA model is given by the fol-
lowing equation:

d ¼ d x; y; zð Þ ¼ dhubexp � 1

2 k� x=Dð Þ þ eð Þ2

z � H

D

� �2

þ y

D

� 	2
" #( )

(3.49)

dhub ¼ dhubðxÞ ¼ 1 �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 � CT

8 k� x=Dð Þ þ eð Þ2

s
(3.50)
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where H is the hub height, k� ¼ ð@s=@xÞ is the growth rate of the wake (which is
not the same as kw ¼ @Dw=@xð Þ in the previous models), s is the standard deviation
of the velocity deficit profile, and e ¼ 0:25

ffiffiffi
b

p
. In the original study [82], k� was

found to vary between 0.030 and 0.055, from fitting LES results obtained with
surface roughness z0 between 0.5 and 0.00005.

3.3.6.4 Larsen model
Larsen developed an analytical wake loss model using similarity technique and
assuming that the wake region behind a wind turbine can be described via Prandtl’s
turbulent boundary layer equations [83]. It was also assumed that flow is stationary,
incompressible, and the wind shear is negligible. In the Larsen model, which was
the recommended model by the European wind turbine standards II (EWTS II) for
use in wake loading calculations [84], the wind speed deficit is a function of both
axial distance x and radial distance r, while in the PARK model, the wake deficit is
only a function of axial distance x. In the Larsen model, the wind speed deficit is
calculated as

d¼ dðx;rÞ

¼�1
9

CT A xþx0ð Þ�2
h i1=3

r3=2 3c2
1CT A xþ x0ð Þ� ��ð1=2Þ � 35

2p

� �3=10

3c2
1

� ��ð1=5Þ
( )2

;

(3.51)

where CT is the wind turbine thrust coefficient, x and r are the axial and radial
distance of the wind turbine of interest from the upstream wind turbine, A ¼ pD2=4
is the swept area of the rotor, c1 is a nondimensional mixing length defined as

c1 ¼ D

2

� ��ð1=2Þ
CT Ax0ð Þ�ð5=6Þ; (3.52)

in which x0 is a nondimensional reference distance defined as

x0 ¼ 9:5D

D9:5=Dð Þ3 � 1; (3.53)

where is a measure of the wake diameter at distance 9:5D given by the following
equation:

D9:5 ¼ Dnb þ min H ;Dnbð Þ; (3.54)

where H is hub height and Dnb is a corrected wake diameter to take into account the
blockage effect of the ground defined as

Dnb ¼ max 1:08D; 1:08D þ 21:7D Ia � 0:05ð Þ½ � (3.55)

where Ia is the ambient turbulence intensity at hub height, assumed to be always
greater than 5%. Similar to the PARK model, the wake diameter in the Larsen
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model is only a function of axial distance x as follows:

Dw ¼ DwðxÞ ¼ 2
35
2p

� �1=5

3c2
1

� �1=5
CT Axð Þ1=3; (3.56)

Similar to the PARK model, both wake diameter and wind speed deficit in the
Larsen model are independent of free stream wind speed U1.

3.3.6.5 Frandsen model
Frandsen et al. [85] developed an analytical wake loss model by applying the
momentum equation to a control volume and by assuming self-similarity. They also
assumed that the velocity deficit is only a function of the distance x downstream of
the turbine and wind speed has a constant profile, similar to that of PARK model.
The wind speed deficit in Frandsen model is defined as

d ¼ dðxÞ ¼ 1
2

1 	
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 � 2

A

AwðxÞCT

s !
; (3.57)

in which A is the swept area of the rotor and AwðxÞ ¼ pD2
wðxÞ=4 is the cross-section

of the wake area at distance x downstream of the turbine, where DwðxÞ is the wake
diameter and is defined as

DwðxÞ ¼ D bk=2 þ a
x

D

� 	1=k
; (3.58)

in which a ¼ 0:7, k is either 3 (Schlichting solution) or 2 (square root shape
solution) [86], and b is the wake expansion parameter and is defined as

b ¼ 1 þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 � CT

p

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 � CT

p : (3.59)

It should be mentioned that the Frandsen model is recommended for both small and
large regular wind farms with rectangular shapes and equal spacings between tur-
bines. Similar to the PARK and Larsen models, the Frandsen model is also inde-
pendent of free stream velocity U1.

3.3.6.6 Geometric model
The GM is a hybrid wake loss model that estimates the relative power generated by
any downstream turbine with respect to the power generated by the front-row tur-
bine [87]. The GM is considered as a hybrid model because it does not simulate the
physical processes occurring in wakes but rather uses empirical coefficients,
derived from a multilinear regression, to relate relative PP of a wind turbine sited in
a wind farm to its geometric quantities, namely, blockage ratio BR and blockage
distance BD.

The blockage ratio BRi of a wind turbine i in a given wind direction is the
fraction of the swept area of turbine i that is blocked by the swept area of any
upstream turbine. Value of BR is always between 0 and 1. A blockage ratio of 0 in a
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given wind direction means that the turbine is not blocked at all and receives
undisturbed wind in that direction, whereas a blockage ratio of 1 means that the
turbine is completely blocked by the upstream wind turbines.

The blockage distance BDi of wind turbine i, however, is a measure of the
distance between the wind turbine of interest and the upstream blocking turbines.
Hence, a larger blockage distance means a greater wind speed recovery, lower wake
losses, and consequently more PP. Blockage ratio and blockage distance of a wind
turbine for a given wind direction are calculated using the following equations:

BRi ¼ 1
A

ð
A
cdA; (3.60)

BDi ¼ 1
A

ð
A
LcdA; (3.61)

where c ¼ 1 wherever the swept area of turbine i is blocked and zero otherwise,
and L denotes the distance to the upstream blocking turbine. Once the two geo-
metric properties are calculated for a given wind direction, then the relative power
is obtained as follows:

PREL
i ¼ Pi

Pfront
¼ aþ bBRi þ gBDi=L1 BRi 6¼ 0;

1 BRi ¼ 0;

�
(3.62)

where Pi and Pfront are the power generated by turbine i and by the front turbine,
and the fitting coefficients a, b, and g depend on atmospheric stability. In the
original paper [87], only values for neutral stability are presented.

3.3.6.7 Wake overlapping
When multiple wakes overlap, like in a wind farm, the wake overlapping is simply
performed by taking the square root of the sum of the squared wind speed deficits
induced by each individual wind turbine [79]. Hence, the total wind speed deficit at
the location of turbine j is

dTOT ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXN

n¼1

d2
i xij

� �vuut ; (3.63)

where N is the number of upstream wind turbines and xij is the distance between
turbine j and the upstream turbine i. Depending on the employed model, each
di xij

� �
is calculated using one of the wind speed deficit equations, i.e., either (3.43),

(3.46), (3.49), (3.51), or (3.57). Substituting the total wind speed deficit dTOT in
Uj ¼ 1 � dTOTð ÞU1 yields the wind speed experience by the wind turbine of
interest Uj, and since wind power density is proportional to the cube of wind speed,
relative power of turbine j is calculated as

Prel; j ¼ Uj

U1

� �3

(3.64)

44 Wind and solar based energy systems for communities

www.TechnicalBooksPDF.com



where Prel; j is a measure of power produced by wind turbine j divided by the
maximum power that is produced at the front row. The sum of squares (SS) method
described in this section is the most popular wake overlapping technique used in
industry. In addition to the SS technique, three other approaches have been intro-
duced in literature, including the geometric superposition, the linear superposition,
and the sum of energy deficits [88].

3.4 Search algorithms

A list of most popular search algorithms used for wind-farm-layout optimization
analyses are presented in Table 3.4. According to literature, GA is the most popular
search algorithm that has been used to perform wind-farm-layout optimization
analysis. The general procedure of the GA is illustrated in Figure 3.3. First, the
search process is initialized by creating random strings of 1 and 0, respectively,
standing for places with turbine and without turbines. Then, the selection, which is
to select and retain certain layouts that can generate higher AEPs according to a
given selection probability, is conducted. During the crossover, selected layouts
(parents) are combined to create new layouts (children). Then, parts of the layouts
are randomly changed during the mutation. In the last step, layouts of the initial
population are replaced with new layouts (children) that have been generated
provided that the new layouts perform better in comparison with the layouts of the
initial population. This process continues until the solution converges or the ter-
mination criteria are met.

A Greedy algorithm is a heuristic procedure that tries to find an optimal
solution close to the global optimum by determining a locally optimal solution at
each stage. For instance, one wind turbine is randomly located within the legal area
of the wind farm, and then the location of the second turbine is determined so that
the AEP of the combination of the two turbines is optimized. Then, the optimal
location of the third turbine is determined so that the AEP of the combination of the
three turbines is maximized. This process continues until all turbines are placed
within the wind farm area.

Table 3.4 Popular search algorithms for wind-farm-layout optimization problem

Optimization technique Studies

Genetic algorithms [7,18,55,56,64,89]
[12,25,39,63,90–92]

Greedy algorithms [5,9,43,93,94]
Particle swarm optimization [17,18,20,58,91,95–97]
Ant colony search algorithm [98–100]
Mixed integer linear and quadratic optimization [101–105]
Spread sheet [106]
Simulated annealing [43,60,107]
Definite point selection [108]
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Particle swarm optimization (hereafter PSO), developed by Kennedy and
Eberhart [109], is a population-based stochastic optimization technique that itera-
tively improves a candidate solution. The PSO technique is somehow similar to the
GA as the procedure is initialized using a population of random solutions. The
major difference between the PSO and the GA is that in the PSO, a randomized
velocity is also assigned to each potential solution based on which the potential
solutions, which are called particles, evolve through the hyperspace.

In nature, ants initially move around randomly when they are searching for
food, and once they find a food source, they leave a pheromone trail on the ground
on their way transferring the food back to their colony. This pheromone trail helps
other ants to not to move on random paths but instead to follow the trail to the food
source. Based on this behavior, Dorigo [110] developed an optimization algorithm,
namely, ant colony search algorithm (hereafter ACSA). The ACSA has been
adapted for the wind-farm-layout optimization problem by several researchers
of this field. For instance, Eroğlu and Seçkiner [99] developed an algorithm in
which the contribution of each turbine to the total wake losses of the farm is
assumed to be the pheromone. Accordingly, more ants are assigned to turbines with
higher pheromone to improve their location. Ants move these turbines in random
locations, and if any new location causes the total AEP of the wind farm to
increase, then the previous layout will be replaced by the newly found more effi-
cient layout. This procedure continues until a convergence occurs.

Start Initialization Selection

Crossover

Mutation

Evaluation

Replacement

Terminate
Yes

End
No

Figure 3.3 Genetic algorithm
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Simulated annealing (hereafter SA) is a probabilistic optimization technique
which is more applicable to discrete spaces where determining an approximate
global optimum is more preferred than a precise local optimum over the same
amount of time. In fact, the SA is an approach that attempts to avoid entrapment in
a poor local maximum by allowing an occasional downhill move. The acceptance
of a downhill move depends on a control parameter, called the temperature, and on
the magnitude of the variation. Rivas et al. [107] used the SA algorithm coupled
with a local search module to perform a wind-farm-layout optimization analysis.
The disadvantage of the employed local search was its likelihood of finding a local
rather than a global optimum. The main idea behind the SA algorithm developed by
Rivas et al. [107] is that the algorithm moves to a neighboring layout by removing a
turbine, adding a turbine, or moving a turbine, and then, the AEP is calculated for
the new layout. If the AEP of the new layout has increased in comparison to the
previous layout, the new layout may be readily accepted; however, if the AEP has
decreased, the new layout is accepted according to the probability calculated via the
following equation:

P dAEPð Þ ¼ exp � dAEPj j=tð Þ (3.65)

where dAEP is the variation of the AEP from the previous layout to the new layout,
and t stands for the control parameter called temperature that is gradually cooled
(decreased) to make the system converge.

In the definite point selection algorithm, developed by Shakoor et al. [108], the
wake of each wind turbine is assumed to be a triangle with one vertex located
upstream of the turbine and the other two vertices located downwind of the turbine
[see Figure 3.4(a)]. The divergence angle of the wake triangle is calculated as
g ¼ 2 tan�1ðaÞ where a is the entrainment constant and is defined as
a ¼ 0:5=lnðz=z0Þ in which z and z0 are turbine hub height and surface roughness,
respectively. Overlapping of the wake triangles associated with wind turbines of a
wind farm forms a wake polygon with n vertices [see Figure 3.4(b)]. The shape and

P2 P3

P1

T1

(a)

Wind

P2 P3

P5

P1

P4

T1

T2

(b)

Wind

Figure 3.4 (a) Wake triangle and (b) wake polygon employed in definite point
selection algorithm to select the optimal place for wind turbines
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the area of this polygon varies with the wind direction; hence, there are Ai polygons
where i ¼ 1 :360 stands for the wind direction. A point inside the wind farm area
that does not fall inside any of the predetermined wake polygons is then selected as
the best position for placing the next turbine inside the wind farm area.

3.5 Practice your knowledge

Increasing climate change concerns and extremely high economic, health, and
social expenses caused by adverse environmental impacts of fossil fuels have
pushed the energy industry towards sustainable energy resources, in particular,
wind energy. Although wind energy provides approximately 8% of the United
States generating capacity [111], which is more than any other renewable source,
the global contribution of wind energy is yet too small, and for wind energy to play
a more significant role in the market, the issues associated with the wind farm
underperformance must be addressed. Solving the wind-farm-layout optimization
problem is the most demanding task of wind farm design and development; hence,
considerable research is actively conducted to develop more efficient solutions to
this problem. Latest findings, references, and investigations on the major concepts
associated with the wind-farm-layout optimization problem were reviewed and
discussed in this chapter. That includes objective functions, optimization variables,
wake loss models, and search algorithms. In this section, some specific cases are
proposed to assist the readers to put the knowledge shared in this chapter into
practice to some extent.

3.5.1 Case I: Shape of the wind farm
If the area of the two lands given in Figure 3.5(a) is equal (A1 ¼ A2), and assuming
that the wind frequency at the location of both sites is as presented in Figure 3.5(b),
explain which area is more suitable for developing a wind farm.

3.5.2 Case II: Wake of wind turbines
A square land is available for developing a wind farm with five horizontal axis
wind turbines (see Figure 3.6). If wind frequency at the location of this land is as
presented in Figure 3.6(a), explain which of the three layouts proposed in
Figure 3.6(b)–(d) is likely to be the most efficient one.

3.5.3 Case III: Wind speed deficit in wind farms
The layout of the Lillgrund wind farm, an offshore wind farm in Sweden with 48
SWT-2.3-93 wind turbines, is given in Figure 3.7. Assuming a southwesterly wind
scenario along the direction of alignment of the wind turbines, draw a qualitative
plot that illustrates the variation of the relative PP of wind turbines along columns
C1 and C2. (Hint: Relative PP of a wind turbine at a given wind direction is defined
as the ratio of power produced by that wind turbine to the power produced by the
front row turbine. Hence, the relative PP of front row turbines is always 1, while the
relative PPs of all downwind turbines are below 1.)
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3.5.4 Case IV: Yaw angle of wind turbines
Nørrekær is an onshore wind farm with 13 Siemens SWT 2.3-93 wind turbines. The
layout of this wind farm is illustrated in Figure 3.8. First, draw a qualitative plot that
shows the variation of the relative PP of wind turbines along the column. How does
this plot change if turbine 5 is yawed by 20 degrees as is illustrated in Figure 3.8(b).
How would the plot change if turbine 5 was yawed in the opposite direction?

3.5.5 Case V: Variation of power production with wind direction
Plot the relative PP of turbine T22 in Figure 3.7 and turbine T2 in Figure 3.8(a) versus
wind direction for wind directions varying from 0
 to 360
 with respect to the North.

A1

(a)

(b)

A2

NNW

NW

WNW

W

WSW

SW

SSW
S

SSE

SE

ESE

E

ENE

NE

NNE
N

Figure 3.5 Case I: (a) two lands with equal areas, one oriented along the south-
north direction and the other one oriented along the west-east
direction and (b) wind rose
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3.5.6 Case VI: Surface roughness
How does the surface roughness affect the performance of a wind farm? Explain
using the logarithmic boundary layer profile. A community wind farm and its
associated wind rose is presented in Figure 3.9. Which turbine has the lowest
production and needs to be relocated? Which turbine has the highest production?

3.5.7 Case VII: Inner turbines versus outer turbines
Figure 3.10(a) illustrates the wind frequency at the location of the area given in
Figure 3.10(b). Among layouts proposed in Figure 3.10(c) and (d), which one is
potentially a more efficient one?

3.5.8 Case VIII: Wind farm noise production
In Figure 3.11, coordinates of the house and four SWT-2.3-96 wind turbines are
(1,337;292), (279;215), (395;821), (757;1,243), and (1,337;1,431) m, respectively.
Assuming that the wind turbines are the only noise sources, estimate the total sound
pressure level at the location of the house.
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(b) (c) (d)
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Figure 3.6 Case II: (a) wind rose, (b) layout 1, (c) layout 2, and (d) layout 3
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Figure 3.7 Cases III and XI

(a) (b)

Wind
direction

Wind
direction

T1

T2

T3

T4

T5

T6

T7

T8

T9

T10

T11

T12

T13

T1

T2

T3

T4

T5

T6

T7

T8

T9

T10

T11

T12

T13

Figure 3.8 (a) Case IV: all turbines are perpendicular to the wind direction
(i.e., yaw angle of all turbines is zero) and (b) case V: turbine 5 is
misaligned (yawed), while all other turbines are perpendicular to
the wind direction
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3.5.9 Case IX: Hub height optimization
Assume both turbines shown in Figure 3.2 are SWT-2.3-93 manufactured by
Siemens company. If Hu ¼ Hmax ¼ 120 m, then plot the relative power of the
downwind turbine versus its hub height Hd , where 10 m � Hd � Hmax.
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Figure 3.9 Case VI: (a) layout of the wind farm and (b) wind rose
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3.5.10 Case X: Fatigue loads
How does the thrust coefficient of a wind turbine relate to the fatigue loads acting
on that turbine?

3.5.11 Case XI: Turbine type
How would the AEP of the Lillgrund wind farm change if turbines Ti, where i ¼ 2, 4,
6, 8, 9, 10, 11, 12, 13, 14, 15, 24, 25, 26, 27, 28, 29, 30, 32, 34, 35, 37, 38, 39, 40, 41,
42, 44, 46, 47, 48, were removed and the rest of them were replaced by SWT-8.0-154
turbines (see Figure 3.7). Conduct your calculations using the PARK model descri-
bed in Section 3.3.6.1, and the wind rose given in Vasel-Be-Hagh and Archer [5].
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Figure 3.10 Case VII: (a) wind rose, (b) wind farm area, (c) layout 1, and
(d) layout 2
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3.5.12 Case XII: Atmospheric stability
Atmospheric stability is a term used to qualitatively describe the potential for
vertical motion in the atmosphere. Atmosphere is considered stable when it is
stratified without any vertical motion. This condition usually exists at night time,
when there is a negative heat flux at the surface and the air is cooled down from the
bottom. On the other hand, when the air is heated up from the bottom, which
usually happens during day time, strong vertical motions are generated and atmo-
sphere is considered unstable. At sunset and sunrise, when the heat flux from the
surface is approximately zero, atmosphere is considered neutral. Explain the effect
of atmospheric stability on the wake of wind turbines and PP of wind farms
assuming an equal geostrophic wind speed.

3.5.13 Case XIII: Wind farms and hurricanes
Discuss the possibility of using wind turbines to protect communities against hur-
ricanes (see [112]).
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Chapter 4

Financing for community wind and solar
project development

Lindsay Miller1 and Rupp Carriveau1

Abstract

Community energy, and in particular, community wind and solar, has experienced
significant growth in recent years. The main challenge to further expansion and
implementation of community renewable energy projects is the high capital costs
associated with project development. This chapter will present case studies of com-
munity wind and solar financing and include innovative mechanisms such as lease
financing, sales of renewable energy credits, crowdfunding, and unconventional loan
strategies. Through compilation of these cases, the objective is to provide prospective
small renewable energy developers options as to how they can go about financing
their projects and ultimately empower communities to independently produce energy
while reducing greenhouse gases.

Community energy, in particular, community wind and solar, has experienced
significant growth in recent years. Driving this trend is the desire for communities
to become energy self-sufficient and more environmentally conscious. Benefits of
community wind and solar extend to include increasing community capacity,
empowering residents, and promoting energy efficiency and conservation. The
main challenge for further expansion and implementation of community renewable
energy projects is the high capital costs associated with project development. With
initial costs representing approximately 70 per cent of the life cycle costs of the
project [1], it can take several years to recoup this investment and can impede the
ability of local developers to raise enough capital.

Small utility-scale wind power projects have provided proving grounds for
new technology and innovative financing structures. Historically, financing of
community wind projects has generated innovative structures that were later
adopted by the broader wind market and are now popular mainstream financing
structures, such as the special allocation partnership flip structure [2]. More

1Turbulence and Energy Laboratory, Department of Engineering, University of Windsor, Canada
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recently, community wind projects have been financed with creative structures that
capitalize on incentives and make use of public market capital.

Community solar is a popular community energy choice due to the scalability
of projects. Small communities and neighbourhoods can pursue solar energy more
easily by selecting the number of panels required to suit their needs. Community
solar has relied on three main financing structures: utility-sponsored, special-
purpose entity, and non-profit, to implement projects of various scales and make
use of available incentives.

Despite many community wind and solar projects achieving financing success,
there are challenges in replicating the elements of some of these deals. Some of the
cases only work in the exact circumstance presented due to specific incentive
availability or legalities in different areas. Also, since these proposed structures are
new to the industry, transaction costs may be high due to the learning process of
executing these deals and development of the financing package could be lengthy
for the same reason.

This chapter will present case studies of community wind and solar financing
and include innovative mechanisms such as lease financing, sales of renewable
energy credits, crowdfunding, and unconventional loan strategies. Through com-
pilation of these cases, the objective is to provide prospective small renewable
energy developers options as to how they can go about financing their projects and
ultimately empower communities to independently produce energy while reducing
greenhouse gases. These examples serve as encouraging case studies for other
community projects looking for ways to raise capital and make use of programmes
and incentives to piece together a financial package. Furthermore, the cases pre-
sented have the potential to extend beyond community projects to commercially
renewable energy project finance.

4.1 Introduction

Community energy, in particular, community wind and solar, has experienced
significant growth in recent years. Driving this trend is the desire for communities
to become energy self-sufficient and more environmentally conscious. Benefits of
community wind and solar extend to include increasing community capacity,
empowering residents, and promoting energy efficiency and conservation. The
main challenge for further expansion and implementation of community energy
projects is the high capital costs associated with project development. With initial
costs representing approximately 70 per cent of the life cycle costs of the project
[1], it can take several years to recoup this investment and can impede the ability of
developers to raise enough capital.

Initial costs of project development, referred to as installed capital costs,
include the purchase, transportation, and installation of equipment, design and
engineering costs, preliminary data collection, purchasing of monitoring equipment
and software, project management, contingency, and others. These costs are typi-
cally expressed as $/kW installed. Once operating, the project will also incur
operation and maintenance (O&M) costs such as materials and wages for scheduled
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and unscheduled maintenance and operational expenses such as fuel costs, taxes,
land leases, and administrative expenses [2]. The installed capital costs and the
O&M are two components of the life cycle cost of energy (LCOE), a metric that is
used to express the cost of energy as a ratio of the present value of total costs
divided by the energy produced over the lifetime of the project (expressed as
$/kW h). The LCOE allows for equivalent cost comparisons between projects of
different sizes and generation types. For renewable projects, with no cost for fuel,
the capital costs far outweigh the O&M costs, and therefore, upfront financing can
pose significant barrier to community energy projects.

Community energy projects generally involve a collective pooling of resources to
implement a project and therefore share in the benefits of clean energy. The community
wind sector differs from traditional commercial wind in scale and ownership structure
and has been defined to ‘consist of relatively small utility-scale wind power projects
that sell power on the wholesale market and that are developed and owned primarily by
local investors’ [3]. This definition has largely been adopted in the literature [4] and
will be applied in this chapter. Community solar has been defined as ‘a solar photo-
voltaic (PV) project with multiple individual owners living in geographic proximity to
the solar project, sharing in the costs and benefits of ownership’ [5].

Interest in community-owned energy in North America has been spurred in
part by the success that European countries such as Sweden, Denmark, and
Germany have realized with similar projects for decades [6]. Furthermore, govern-
ment incentives have been available recently which has allowed for more projects to
be financially viable. Even with incentives, however, there exists regulatory, market,
and financial challenges to community energy project development.

Small utility-scale wind power projects and community solar projects have
provided a proving grounds for new technology and innovative financing struc-
tures. Financing structures that were initially developed for community wind pro-
jects have proven to be successful in the broader markets. The best example of this
is the special allocation partnership flip structure that was originally developed by
community wind projects in Minnesota, and therefore often referred to as the
‘Minnesota flip’ model [3]. This model is now widely used in commercial wind
projects. The smaller scale nature of community energy projects are more suited for
experimentation with innovative financial structures, and the commercial sectors
have benefitted from the outcomes of this.

More recently, community energy projects have been financed with creative
structures that capitalize on incentives and make use of public market capital.
Examples include the 25.3-MW Ridgewind project in Minnesota [3], the first sale/
leaseback financing of a wind project and the Crow Lake wind project in South
Dakota [7], and Fort Dix solar project in New Jersey [8] which were financed using
crowdfunding models, allowing residents to invest in the project. Despite many
community projects achieving financing success, there are challenges in replicating
the elements of some of these deals. Some of the cases only work in the exact
circumstance presented due to specific incentive availability or legalities in dif-
ferent areas. Also, since these proposed structures are new to the industry, trans-
action costs may be high due to the learning process of executing these deals and
development of the financing package could be lengthy for the same reason.
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This chapter provides a review of financial mechanisms used to finance com-
munity wind and solar, both commonly used and first-of-a-kind structures, for the
purpose of providing blueprints to future developers and to assess the barriers that
may exist to further community wind development. Innovative mechanisms such as
lease financing, sales of renewable energy credits, crowdfunding, and unconven-
tional loan strategies will be explored. Through compilation of these cases, the
objective is to provide prospective small energy developers options as to how they
can go about financing their projects and ultimately empower communities to inde-
pendently produce energy while reducing greenhouse gases. These examples serve as
encouraging case studies for other community projects looking for ways to raise
capital and make use of programmes and incentives to piece together a financial
package. Furthermore, the cases presented have the potential to extend beyond
community energy to commercial renewable energy project finance. Through the
dissemination of case studies, best practices can be applied to future projects.

4.1.1 Community wind and solar – defined
Community wind has been defined in the literature as ‘locally owned, utility-scale
wind development that is interconnected to the grid on either the customer or utility
side of the meter’ [9]. In general, community wind has traditionally involved
construction of commercial-sized turbines in rural areas to provide power to the
community, to sell the power externally, or a combination of the two [10]. In
contrast to commercial wind projects where local involvement is limited, com-
munity wind is typically locally owned and operated.

Community solar is similar in concept and has been defined as ‘solar PV
projects with multiple individual owners living in geographic proximity to the solar
project, and sharing the costs and benefits of ownership of the solar project’ [5].
Community solar projects are also typically owned and operated, and the scalability
of solar is a major advantage while considering community energy options. The
smaller scale nature of community solar may allow for projects to be more easily
realized. The National Renewable Energy Laboratory reports that only 22–27 per
cent of residential rooftop area is suitable for hosting on-site PV systems [11].
Community solar projects provide residents with options to participate in solar
energy without necessarily installing panels on their property.

Community projects can have various degrees of ownership from 100 per cent
community-owned to co-ownership arrangements where the community owns a
small part of a larger project [12]. Different models of community projects include
cooperatives, community charities, development trusts, and shares owned by a
local community organization [12].

Community energy generally brings to mind energy independence, although
globally, there are relatively few examples of communities that are entirely energy
independent [10]. Some states have specific qualifications in order for a project to
be deemed ‘community energy’. For example, Minnesota has requirements that
Community-Based Energy Development (C-Bed) projects have no single bene-
ficiary owning more than 15 per cent of the project unless the project includes only
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one or two turbines or is owned by a public entity [5]. Additionally, 51 per cent of
the revenue from the project must flow to local owners and other local entities, and
the project must have the support of the county board in which it is located.

4.2 Benefits of community wind and solar

Community energy provides power for the community, potential income for the
community, promotes social cohesion, and provides local jobs. Community
renewable energy can also make claims to the environmental benefits associated
with carbon-free energy sources, such as reduced CO2 emissions, and has been
suggested to be a practical bottom-up approach to carbon reduction [13]. Community
renewable energy investments also contribute to energy security by reducing depen-
dence on foreign energy imports. Individuals within the community benefit from
direct ownership economically, from the business venture itself, and also potentially
through lowered energy costs. These benefits are depicted in Figure 4.1.

Previous studies have demonstrated significantly higher local economic benefits
when a project is community owned instead of corporate owned [15]. A US-based
study demonstrates that local ownership increased economic benefits by 50–240
per cent, and the British government states that 12–13 times as much community
value is reinvested into communities compared with commercial structures [16].
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Figure 4.1 Benefits of community wind [14]
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Another benefit is the associated high social acceptance from the community
members. While communities generally appreciate that wind and solar develop-
ment brings economic benefits to the community, they can struggle with trusting
the intentions of the stakeholders who may be far removed from the community
[17]. On the contrast, when projects have a high level of local involvement, more
people are likely to recognize the positive value of renewable energy [18]. Com-
munity wind has been credited with improved social acceptance of projects through
transparent local ownership and the creation of equitable outcomes amongst com-
munity members [19]. Recent research has also demonstrated that community
funding structures generate significantly higher socio-economic impacts than other
funding structures with greater opportunities for equitable distribution of benefits
[20]. Maruyama et al. [21] explain how the movement towards a sustainable
society is fuelled in part by economic, environmental, and social aspects but also
by consciousness, participation, compassion, and cooperation – all of which are
elements of renewable community energy.

Although there are many aspects involved in the successful development of
community energy projects, this chapter focuses on financing. Details on some other
planning aspects such as identifying community members and developing community
risk, architectural, and sustainability plans can be found in [10]. Aspects such as
whether there is a convenient grid interconnect, resource assessment, zoning laws,
federal restrictions, and community acceptance should all be carefully considered
prior to initiating the funding process. Furthermore, the choice of technology should
be carefully considered, an example of which can be found in [22].

4.3 Lessons from overseas

Globally, community wind has been responsible for large amounts of installed wind
power capacity, accounting for the majority of installed capacity in several
European countries [9]. Community wind and solar projects have played a large
role in Denmark, Germany, Sweden, and the Netherlands since the early 1990s, and
more recently, also in the United Kingdom. The fundamental contributor to the
success of community energy in these countries is the support mechanisms at the
national level. In contrast to North America, where incentives have largely been
tax-based, requiring that a project owner have significant tax liability to capitalize,
in Europe, ‘feed-in’ laws have been the choice of support. These feed-in laws
require utilities to purchase renewable power at premium prices, thereby creating a
stable and profitable market. Furthermore, in Denmark, Sweden, and Germany,
there are standard interconnection rules, removing uncertainty in who will bear
these costs [9]. Some countries also do not tax community renewable energy
investors on income earned from their projects and do tax CO2 emissions, further
making community energy an appealing alternative.

In Denmark, community wind ownership takes the form of a wind partnership.
Simply put, individuals pool their savings to invest in a turbine and then sell the
energy generated back to the utility at an attractive rate. The partnership members
received the full carbon tax and a partial refund of the energy tax [6]. Denmark also
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has appealing options for financing along tax advantages and tradable green certi-
ficates. Recently, Denmark also set a world crowdfunding record, raising 1.3 mil-
lion in 13 h from 1,700 Dutch households to buy shares in a wind turbine [23].

Germany has been implementing community energy since the 1990s. An
example of this is the Wildpoldsried village where solar and wind initiatives began in
1997. Today, the village has nine community buildings with solar panels and seven
installed wind turbines and produce over 300 per cent more energy than it needs [24].
Selling this energy back to the national grid generates revenue for the members. This
village has been recognized as best practice model for community energy [24].

The most common community wind ownership structure in Germany is a
limited partnership (LP) with a limited liability company as a general partner [25].
In this model, the developer incorporates his business as a limited liability company
and for each individual project, forms a LP with the company as the general partner
and individual investors as limited partners. Revenues are distributed proportio-
nately to investments. Overall, from a financing perspective, the success in these
countries can be attributed to the proper use of tax exemptions, feed-in tariffs, and
capital investment subsidies.

Research on community energy in the United Kingdom can also provide some
insight. Stamford [25] detailed the barriers associated with the United Kingdom
falling behind the countries mentioned above. First, the programmes that were in
place to support renewables were administratively burdensome and therefore not well
suited to smaller projects. Additionally, at the time, the United Kingdom did not offer
attractive tax incentives or capital investment subsidies for renewable energy
projects. Toke [26] also identified a lack of confidence and knowledge amongst
farmers in the United Kingdom as a barrier. To address these obstacles, and in the
absence of incentives and subsidies, Kellett [13] suggested one possibility to increase
community-based renewables in the United Kingdom. Through a case study of
community-based energy in South Yorkshire, United Kingdom, the authors demon-
strated that community-based energy service companies could assist communities by
accelerating the transition to energy, leading to reduced fuel poverty and maximum
energy purchasing power. More recently, crowdfunding is also being encouraged as
means of raising capital for community energy projects in the United Kingdom.

Renewable energy networking sites such as EnergyShare are offering to match
funds to crowdfunders of wind or solar projects. Another company, Abundance Energy,
is also encouraging individuals and businesses to invest small amounts into wind
turbines in their communities. Community solar had some success in the United
Kingdom with projects being implemented in fuel-deprived areas. A project in
Newport, South Wales was successful in providing free PV panels to 74 households in
fuel poverty. The project was financed through community share offers and loans [27].

The countries mentioned above are not the only ones who have successfully
implemented community renewable energy projects. Crowdfunding is also being
pursued in Australia by local residents looking to realize community solar instal-
lation projects. The Philippines has also successfully installed small wind turbines
to supply energy in remote communities [28].

In summary, the success realized in these countries is largely attributed to
financial and fiscal incentives that are available for community project development
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along with standard rules for items such as interconnection costs. Furthermore, the
sustained success is largely due to the interest of the community members in sup-
porting renewable energy as well as the many blueprints that are available
for implementation due to the many successful cases available. Although North
America does not have the same incentives and nor the same level of implementa-
tion, this has not prevented creative owners from devising innovative ways to capture
the available incentives and still maintain local ownership and operation.

4.4 Overview of available incentives and credits
in North America

Different tax incentives apply to different projects based on location, project size, and
other qualifications. This section will discuss some of the more widely applicable
incentives that have been credited for recent wind development in North America.

In the United States, there have been two tax credits that have been credited
with allowing for the expansion and development of renewable energy, the pro-
duction tax credit (PTC), currently worth $23/MW h, and the investment tax credit
(ITC) which is an upfront credit (30 per cent) against the capital expense of the
project [29]. Cash benefits also include revenues from the sale of renewable energy
certificates (RECs). RECs are tradable energy commodities representing proof of
1 MW h of renewably generated electricity, which are certified and tracked by third
parties [30]. The holder or purchaser of RECs own the rights to the environmental
benefits of the renewable energy generated. A REC can be sold separately from the
physical electricity generated. Although there are challenges surrounding RECs,
such as their value being widely variable by location and the possibility of the
benefits of renewables being double-counted, RECs have been a major contributor
to the success of many renewable deals by acting as a payment that can be put
towards the projects costs. RECs represent electricity produced using environment-
friendly processes that are marked by credits which can be sold to a third party.

Renewable portfolio standards (RPS) will also influence the availability of
incentives, and ultimately, the economics of a project. An RPS is a regulatory
mandate to increase renewable energy production. These standards can also be
stated specifically in relation to community energy. For example, within Oregon’s
overall RPS of 50 per cent renewables by 2040, it is also stipulated that 8 per cent
come from small-scale and community-based renewable energy projects [31].

New Market Tax Credits (NMTCs) are another option for some community
energy developers. NMTCs were established in 2000, however, have only recently
been used in renewable project financing [3]. The NMTC program provides an ITC
of 39 per cent over 7 years against federal income taxes in exchange for making a
Qualified Equity Investment in a Community Development Entity. Communities
must meet certain low-income characteristics. NMTCs can also be used along with
PTCs for qualifying communities.

US States are also actively developing programmes to promote community
energy, particularly in rural Midwestern states where community wind is
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recognized as a means to supplement farmer income. Policies and incentives are
also tracked in a database ‘Database of State Incentives for Renewables and Effi-
ciency’ [32] where developers can search for incentives and policies by state and by
state and policy type. The International Energy Agency also maintains a database
of renewable energy policies [33].

Canada has a similar tax incentive for renewable energy developments to
make these projects more fiscally attractive. The accelerated Capital Cost
Allowance allows for capital costs of eligible equipment to be written off at
50 per cent per year on a declining basis [34]. In addition, developers can choose
to have certain expenses that are incurred during new energy start-up projects be
fully deducted in the year that they are incurred, carried forward, or transferred to
investors. Funding in Canada is available from various sources such as the Green
Municipal Fund [35] which developers can apply for to fund feasibility studies
and some project costs. Provinces have also developed their own programmes
such as the Prince Edward Island Renewable Energy Act [36] and the Ontario
Feed-In Tariff Programme [37]. The microFIT program in Ontario supports
renewable energy projects with generating capacities less than 10 kW by stan-
dardizing prices and contracts. In Alberta, RECs are being credited with pro-
moting renewable energy development. This system grants one REC for 1 MW h
of green renewable energy. Bundling the sale of future RECs into financing
packages has allowed for projects to become economically feasible. The Gov-
ernment of the Northwest Territories recently launched the Community Renew-
able Energy Program to assist community-based development of alternative
energy systems. The programme will fund up to one half of the project cost, up to
$50,000 per year.

Incentives and grants are available in North America; however, they often
require complex arrangements to make full use of their value. Also, the incentives
and grants have qualifications that can be challenging to navigate and are subject to
renewals or changes in structures.

4.5 Historical financing models

There have been several financing structures that have been developed and have
had widespread use in the last decade. These will be described briefly below.

4.5.1 Municipal wind
Municipal wind refers to projects that are developed and installed on public prop-
erty by a municipal utility, school, or other small jurisdiction and are generally
financed through the sale of tax-exempt municipal bonds. Power can be sold to the
local utility or used to displace other generation. An economic advantage of this
structure is that the internal rate of return for municipal projects in generally lower
than for private equity-driven ownerships; however, a major drawback is the
inability of non-profit municipal entities to collect the PTC [15].
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4.5.2 Cooperatives (wind and solar)
Community wind and solar cooperatives involve members pooling their resources
into an energy project for the purpose of personal consumption of the energy
generated. Energy can be delivered to the members either through the cooperative
or through an agreement with the local utility. Most cooperatives are non-profit and
offer annual dividends to their members proportional to consumption.

4.5.3 Private placements (wind and solar)
A private placement is a transaction in which a company raises money directly
from private investors. The private placement structure involves the project sponsor
selling equity shares of the project to local investors. Cash and tax benefits are
distributed to owners in proportion to their investment. Typically in this model,
about half of the project’s construction cost is financed through the private place-
ment of equity with the remainder being financed through a bank loan. Although
this model has been successful in some instances (as will be discussed below in the
MinWind case studies), it faces the challenge of finding enough investors with
sufficient passive income to adequately capitalize on the tax credits [3].

4.5.4 Private equity (wind and solar)
A private equity fund is a collective investment scheme used for making invest-
ments in various equity securities. A private equity investment will generally be
made by private equity or venture capital firm. Several global equity firms are now
focused in renewable energy such as JCM Capital, Hudson Clean Energy Partners,
Riverstone, Global Energy Efficiency, and Renewable Energy Fund. The advan-
tage of these funds is the ability to access a large, diverse group of investors. These
funds have typically been used to invest in large-scale renewable projects; how-
ever, in theory, they can also be used to fund community projects and an example
of this is discussed below.

4.5.5 Multiple local owner (wind and solar)
As the name implies, this model consists of multiple owners who solicit invest-
ments from the local community through the formation of an LLC. Investors pur-
chase shares and the LLC obtains debt from a local financial institution. The power
from the project is sold to the utility through a power purchase agreement (PPA)
and the income and incentives or credits from the project are split amongst the
investors, proportional to their initial investment [15]. In theory, this is a simple and
straight forward financing mechanism; however, in reality, there exists barriers to
widespread implementation. The major barrier to this structure is that the shares
being offered are likely to be considered ‘securities’ which would need to be
registered at a federal level, a costly process. Exemptions from this are possible in
some jurisdictions; however, the exemption process itself can be costly and
lengthy. Additionally, the PTC, which is often relied upon to make any wind pro-
ject profitable, has qualifications, one of which being the requirement that investors
having passive income, which can be challenging to meet with this model.
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4.5.6 Flip structures (wind)
The most common financing mechanisms for community wind have been partnership
flip structures and private placements [3]. The objective of flip structures is to bring
in a tax-motivated equity partner to capitalize on incentives such as the PTC that
might otherwise not achieve their full value in other financing mechanisms. Flip
structures involve a partnership between the local project sponsor and a tax equity
investor. In the most common flip structure, the ‘Minnesota-style flip’, the investor
provides the majority of the equity for the project (~99 per cent) and for this, is
initially allocated 99 per cent of the cash and tax benefits generated [3]. Benefits can
include revenue from the sale of power and from RECs as well as receipt of grants or
tax benefits, for example the ITC or PTC, if applicable. At some point, typically
10 years after commercial operation, when the PTC expires, the ownership ‘flips’ to
1 per cent corporate and 99 per cent local. After this point, the local partner essen-
tially owns a debt-free wind project, having only contributed 1 per cent of the capital,
which should continue to be profitable for at least another 10 years.

There are also hybrids or variation of the types of structures discussed above.
The ‘Wisconsin-style flip structure’ has been referred to as a hybrid between
multiple local owner and the Minnesota-style flip [15]. In this model, multiple local
investors provide debt financing to the wind project and pool capital to cover 20 per
cent of the capital costs. This mechanism is structured more like a loan, and income
is in the form of interest payments. The local investors buy out the corporate
investor’s stake in the project at the end of the initial 10 years, similar to the ‘flip’
in the Minnesota-style flip structure.

4.5.7 On-site projects, behind the meter (wind and solar)
On-site projects differ from those discussed above as they intend to provide power
directly to the farm or community rather than selling to a utility or corporation. In this
model, the end-use electricity user finances and interconnects one or more wind
turbines on their side of the meter to supply on-site power. One major financial
barrier to this model is that the electricity savings that are achieved actually reduce
the amount of utility expenses that a farm or business can deduct as an expense,
thereby substantially reducing the value of the electricity savings [15]. Some insti-
tutions are tax-exempt, for example schools, and are therefore better candidates for
on-site projects. Another barrier is that these projects do not qualify for some
incentives, such as the PTC, since the power is not sold to a third party. Furthermore,
demand and standby charges may apply depending on the jurisdiction.

4.5.8 Utility-sponsored model (wind and solar)
The utility-sponsored model involves the utility owning or operating the project
with voluntary ratepayer participation. One advantage of this model is that the
utilities have the financial and physical infrastructure in place to handle and
implement projects quickly [11]. Community members can then participate by
paying an up-front or ongoing payment and, in exchange, receive payment or credit
on their bills proportional to their contribution.
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4.5.9 Special-purpose entity (wind and solar)
This model involves community members forming a business enterprise for the
purpose of developing a community shared solar project [11]. These projects are
owned by the participating community members. It is up to the member to raise
capital and negotiate agreements between land owners and utility companies.

4.5.10 Non-profit model (solar)
The non-profit involves a charitable non-profit organization administering a com-
munity solar project on behalf of its members [11]. The donors will pay for the
construction of the project but do not receive direct benefits. The benefits are
typically meant to be credited to schools, churches, and low-income communities.
Donors can receive indirect benefits such as tax benefits. Although it is possible for
this model to be applied to community wind as well, it so far has been successful in
community solar due to the smaller scale (lower investment) nature.

4.6 Innovative financing models – case studies
of community wind

Developers have made use of creative financing and fundraising to bring wind
power to communities. The North-American-based cases discussed below have
unique attributes that are worth highlighting. Case 1 is unique in the multiple
avenues that were explored to piece together the final financial package and also in
the variation of the flip model that was eventually applied. Case 2 discusses how
the MinWind projects were financed with reliance on local debt and equity and
without reliance on the PTC. Case 3 provides an example of the first sale/leaseback
financing of a wind project. Case 4 discusses details on how Iowa is powering some
of their schools with wind. Case 5 discusses the application of crowdfunding to
community wind with a case study from South Dakota. Case 6 highlights how
business models are being developed for the purpose of encouraging community
investment in utility-scale wind. In Canada, the COMFIT program in Nova Scotia
is highlighted, and Case 7 discusses the financing mechanism of this programme as
well as how nearby projects can benefit from some cost sharing. Case 8 focuses on
the financing model of a public–private partnership that was applied in Alberta.
Case 9 demonstrates how financing in the absence of incentives is possible when
back by long-term PPAs. Lastly, Case 10 highlights Canada’s only fully
community-owned wind turbine, the WindShare in Toronto, Ontario.

4.6.1 Cases from the United States
4.6.1.1 Case 1: PaTu Wind Farm, LLC
The developers of this 9-MW project formed the Oregon Trail Wind Farm, LLC
and partnered with MMA Renewable Ventures to establish a partnership formation
of the PaTu Wind Farm, LLC [4]. The original financing plan was to use a ‘flip’
structure for financing and also take advantage of the PTC. However, unfortunately
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in 2008, when the project was being developed, there was uncertainty around the
availability of the PTC which resulted in one of the primary tax equity investors
pulling out of the project. Additionally, the financial crisis of 2008 resulted in
MMA Renewable Ventures being sold to another company. The Oregon Trail Wind
Farm, LLC bought back their assets from the new company, abandoned the ‘flip’
structure, and forged forward with innovative financing to complete their devel-
opment [4].

Initially, partial funding was obtained through Oregon’s Energy Loan Program
which provided a $12 million (~40 per cent of the projected $23 million project
cost), 20-year term loan at an attractive interest rate. Additionally, the Oregon Trail
Wind Farm, LLC, was able to retain a pre-certified application for Oregon’s
Business Energy Tax Credit (BETC) which provided a 50-per-cent state ITC which
they could choose to take as an up-front, lump sum, discounted ‘pass through’ cash
payment upon commencing operation [3]. The ‘pass through’ option allowed the
owners to transfer their tax credits to a pass through partner in return for a dis-
counted, lump sum, cash payment. The project was able to secure a 20-year fixed-
PPA with Portland General Electric for energy only, with PaTu retaining the RECs.
The benefits of the tax credit and RECs, however, would not be realized until
operation, which left PaTu with substantial equity and debt financing still to
fulfil [3].

The project acquired $5.685 million in equity financing from Vert Investment
group and two wealthy families [3,4]. A unique flip-style structure was applied
here. The equity partners start with a 99-per-cent interest in gross income and a
100-per-cent interest in cash distributions. Two flips then occur – one down to 90
per cent once the investors have earned back their principal, and another down to
50 per cent once they have achieved their internal rate of return. The Oregon Trail
Wind Farm, LLC has the option to buy out the investors after year 5 of the project.
To complete the funding requirements, a construction loan for $16.5 million came
from CoBank, a cooperative bank part of the Farm Credit System. CoBank’s
comfort providing this loan came from knowledge of the multiple sources of
income that would flow into the projects once operations began.

4.6.1.2 Case 2: Projects resulting from MinWind
Minnesota has been leading the way for community wind in the United States. In
addition to having good wind resources and motivated local developers, there have
been several state-based programmes that can be credited for the success of com-
munity wind in this state. From a financing perspective, Minnesota has a small
wind tariff and standardized PPA, a 10-year production incentive, as well as a
Renewable Development Fund [9].

MinWind Energy is regarded as a pioneer of community wind. The company is
based in Southwest Minnesota and has relied solely on local debt and equity to
build several community wind projects. MinWind projects are primarily farmer
owned and rely on local investors along with financing from a local bank.
After debt repayment, all project returns flow to local entities. The MinWind pro-
jects consist of nine farmer-owned wind projects near the town of Luverne in
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southwestern Minnesota. The nine projects are organized as LLCs and have the
stipulations that all shareholders are Minnesota residents (85 per cent must be from
rural communities) and that ownership is limited to 15 per cent per project for each
investor [9]. The MinWind projects also were able to take advantage of renewable
energy grants from the US Department of Agriculture (USDA). A unique element
of the MinWind projects was that they were not reliant on the PTC for financial
viability. Long-term PPAs for the projects were negotiated with Xcel Energy,
another critical factor in the success of these projects.

4.6.1.3 Case 3: Ridgewind, Pipestone, Minnesota
The Ridgewind project is a C-Bed project consisting of 11 Siemens 2.3-MW tur-
bines along the Buffalo Ridge. The project involves 17 landowners, renters, and
tenant farmers. The 25.3-MW project, developed by the Project Resources Cor-
poration (PRC), is an example of the first sale/leaseback financing of a wind project
[3]. In the past, the PRC relied on flip structures to finance their projects. However,
flip structures often rely on foreign investors and they were looking for a way to
stick with local investors and keep landowners more connected with the project.

The power from the project along with the RECs was sold to Xcel Energy
under a 20-year contract. Union bank provided US$51 million in construction
financing which was repaid after the commencement of commercial operations to a
Union bank affiliate [3]. Ridgewind then leased the project back for a 20-year term
during which they will manage and operate the project. At the end of the lease term,
Ridgewind will have the opportunity to buy back the project’s hard assets. Once the
project is operating, the PRC expanded community ownership by implementing its
Minnesota Windshare Program [38]. This is another unique element of this deal –
rather than raising capital from local investors prior to construction (and having
these investors exposed to construction risk), the offering to local investors was
made once the project is operational.

The lease financing structure applied here is attractive due to the relative sim-
plicity of the deal owing to their being one entity for both construction and perma-
nent financing; however, there are also drawbacks due to issues of performance
risk. In this particular case, the fact that Ridgewind used Siemens, a ‘tier 1’ turbine
supplier, likely increased Union Banks confidence in the performance of the turbines,
thereby increasing their confidence that the lease payments would be made on time.

4.6.1.4 Case Study 4: Iowa – powering schools with wind
Iowa has been a leader in powering schools with wind energy. A 2006 report details
how ten schools in Iowa developed and financed wind energy [39]. The majority of
these developments relied on no interest loans from the Iowa Energy Center’s
(IEC) Alternative Energy Revolving Loan Program (AERLP). In addition to
AERLP loans, financing for these school-based wind projects came from Energy
Bank approved loans, grants from the US Department of Energy, Funds also came
in the form of donations and fundraisers, and in one case, turbines were gifted to the
school by a local family. The unique element in most of these deals was the
availability of the AERLP, a state specific programme.
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4.6.1.5 Case 5: Crow Lake Wind Project, South Dakota
A very unique case can be illustrated with a portion of the funding for Basin
Electric Power Cooperative’s Crow Lake Wind Project located just east of
Chamberlain, South Dakota [7]. The entire 162-MW, US$363 million project
consists of 108 GE 1.5-MW turbines and represents the first-of-its-kind community
wind investment partnership. Seven of these turbines (10.5 MW) are owned by
local community investors. In order to raise funds to be able to add more wind
power to their portfolio, the cooperative formed the South Dakota Wind Partners
(SDWP) with the South Dakota Corn Utilization Council, the South Dakota
Farmers Union, and the South Dakota Farm Bureau. The process began with the
partnership contributing $80,000 in seed capital and was followed by a ‘crowd-
funding’ model with the SDWP offering the South Dakota residents an opportunity
to invest in the project, resulting in US$16 million in investment and equity, funded
mostly by residents, towards the US$21.5 million portion of the project. Shares
were sold for US$15,000 and offered a 7-per-cent return, with additional acceler-
ated depreciation benefits for farmers leveraging assets. Additional financial sup-
port for the project came from Chevrolet, who purchased RECs from the
partnership as part of its Chevy Carbon Reduction initiative and was also supported
by a $6.7 million grant through the 1603 Program, a tax incentive administered by
the Treasury Department. This innovative, community supported project, repre-
senting the largest wind project in the US owned by a co-op, earned the title of
Wind Cooperative of the Year Award.

4.6.1.6 Case 6: Hale Community Wind, Texas
Tri Global Energy developed a proprietary business plan, the Wind Force Plan,
with the objective to achieve utility-scale wind while encouraging direct equity
participation from landowners and community members [40]. Although the
mechanism of this model is proprietary, the objective is to allow local landowners
and community investors the opportunity to partner with and have a substantial
ownership in wind projects in their community. The model has been applied in
Texas and is responsible for several wind projects, most notably the Hale Com-
munity Wind Farm in Hale County, Texas.

The Hale Community Wind Project in Texas, developed by Tri Global Energy
and later sold to NextEra Energy, is the largest community-sponsored wind
development in the world. With the potential to generate 1,200 MW of capacity
upon project completion, this project encompasses 122,312 leased acres with more
than 350 landowners [40]. Hale Community Energy, LLC, is joint venture com-
prised of Hale County Wind Farm, LLC, Cotton Wind Farms, LLC, Lakeview
Wind Farm, LLC, and East Mound Renewable Energy Project, LLC, for which Tri
Global Energy, LLC is project developer. Although the exact financing details are
part of the proprietary Wind Force Plan, the success of this project has been
attributed to the US$7.3 million that was put into the project by landowners and
local investors. The project began construction in December 2014, in order to take
advantage of appropriate federal tax credits, and is expected to be completed by
November 2016. Hale Community Energy is unique in that it is able to supply two
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major national grids, the Energy Reliability Council of Texas and the Southwest
Power Pool.

Smaller US community wind projects have also contributed unique ideas to the
growing options for financing mechanisms. Innovative, yet complex, financial
structures such as the inverted lease structure and use of NMTCs used to finance
the 6-MW Coastal Energy Project in Grayland, Washington [3] and the unique
combination financing of the 4.5-MW Fox Islands project off the coast of Maine
serve as interesting examples of creative financing to push projects into financial
reality. The specifics of these deals are not discussed in detail here due to the
limited potential replicability of these project specific transactions.

4.6.2 Cases from Canada
4.6.2.1 Case 7: Millbrook Community Wind and Truro Heights

Community Wind Projects, Nova Scotia
Some provinces are developing their own programmes to encourage community
wind development. In Nova Scotia, the Community Feed-In Tariff (COMFIT)
program, which began issuing approvals in 2011, offered a guaranteed rate per
kilowatt hour for local renewable energy that enters the province’s electrical grid
[41]. Millbrook Community Wind and Truro Heights Community Wind are two
success stories of the COMFIT program. The 6-MW Millbrook project operates on
a site in a community of Millbrook, Nova Scotia and is co-located with the 4-MW
Truro Heights project. The Eskasoni and Millbrook First Nations native commu-
nities teamed up on these projects and developed the Truro-Millbrook Wind LP
[14]. The partnership will also involve Juwi Wind Canada, the Canadian arm of a
German energy developer who will provide the development capital, and Com-
munity Wind Farms Inc. The costs of the project were lowered by partnering
together and sharing some of the costs including road construction and environ-
mental assessments. Furthermore, the projects were economically feasible due to
the feed-in tariff programme provided by COMFIT which both projects received
approval for. Over 60 projects, totalling 200 MW, were developed and commis-
sioned through the COMFIT program, including the 10-MW Chebucto Pockwock
Community Wind project in Halifax, Nova Scotia [42], and the 4-MW Whynotts
Wind Farm close to Bridgewater, Nova Scotia [43]. The programme is no longer
accepting new applications due to the upward pressure on power rates that was
resulting due to the number of renewable projects coming onto the grid. Even
though the programme is currently not available, the concept deserves attention as
it resulted in several successful projects and has elements of replicability. These
serve as examples of how government funding mechanisms can drive projects into
the economically feasible and ultimately result in increased renewable energy
generation.

4.6.2.2 Case 8: Box Springs Wind Farm, Alberta
The 6-MW Box Springs Wind project in Western Canada was financed through a
public–private partnership between the city of Alberta and the WindRiver Power
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Corporation, which means that the $12 million project costs were not paid for by
tax dollars [44]. The land is owned by the city of Medicine Hat, and Wind Power
has a long-term lease with the city to place the turbines on the land. The city will
benefit through land lease payments and taxes. The project will operate under a
long-term PPA between Medicine Hat and Box Springs Wind Corp., a subsidiary of
WindRiver Power Corporation. Medicine Hat will receive all of the energy gen-
erated by the project along with the associated carbon credits. When the lease
expires, the turbines can either be torn down, at WindRiver’s cost, or the city can
take them over, which they hope to do.

4.6.2.3 Case 9: Frampton Community Wind, Quebec
Even in the absence of grants and incentives, community wind projects can be
financed relying solely on loans that are backed with a long-term PPA. The
Frampton Wind Farm in Quebec, Canada is a community wind project partnership
between the Frampton Municipality (33.3 per cent) and Boralex, Inc. (66.7 per
cent) [45]. The 24-MW wind farm was financed with a C$73.5 million construction
loan, to be converted to a term loan at the start of commercial operations, and short-
term bridge financing totalling C$7.9 million. A 20-year PPA with Hydro-Quebec
provides security to lenders, in this case, the National Bank of Canada.

4.6.2.4 Case 10: WindShare, Ontario
Canada’s only fully community-owned wind project is the WindShare turbine,
located at the Exhibition Place in Toronto, Ontario. The Toronto Renewable
Energy Co-op (TREC) initiated the wind turbine project and partnered with
Toronto Hydro to build the first urban-sited turbine in North America and the first
community-owned wind power project in Ontario [46]. WindShare has the capacity
to power up to 250 homes and is structured as a community-based cooperative.
Community members invested in WindShare out of concerns for air quality and
climate change and as a means to promote wind energy. The energy produced from
the turbine enters the Ontario electricity grid. For their investment, members
receive an annual dividend payment for the power that the turbine produces. TREC
is another resource for developers in Ontario, providing services for community
energy developers and tracking community investment opportunities.

4.6.2.5 Case 11: Gunn’s Hill Wind Farm and the Oxford Renewable
Energy Co-operative

The Oxford Renewable Energy Co-operative (OCEC) was established for the
purpose of investing in Gunn’s Hill Wind farm in Ontario which is currently being
constructed [47]. This project serves as a successful case study of both the FIT
program in Ontario and the co-operative financing structure. Residents of Oxford
County, and all of Ontario, are invited to become members of this co-operative that
is responsible for partial financing of the 18-MW farm. The OCEC was conceived
as a partnership between Prowind Canada, Ontario Sustainability Services, and IPC
Energy and was incorporated as a ‘For-Profit Co-operative with Share Capital’.
OCEC is a limited partner in the Gunn’s Hill Wind Farm LP [47]. Prowind Canada
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acts as the general partner and a third limited partner is the Six Nations of the
Grand River. The general partner (Prowind) will secure 75 per cent of the project
costs from Senior Lenders as a long-term loan and 25 per cent equity investment
from the limited partners. As a limited partner, OCEC is aiming to raise up to 49
per cent of the equity portion and a minimum of 10 per cent. OCEC has developed
a simple investment structure consisting of one class of shares (dividends expected
in the range of 10 per cent annually) and one class of bonds (10-year maturity, fixed
rate of 5.5 per cent) [47]. This project also benefitted from securing a 20-year FIT
contract for $0.148/kW h.

4.6.3 Discussion on replicability and challenges
To date, there isn’t a one-size-fits all financing package for wind project develop-
ment. Each project will have unique requirements and access to incentives and
programmes. Community wind projects have typically relied on some type of flip
structure, which is desirable due to the ability of such a structure to capitalize on tax
incentives and also allows for ownership to flip back to the community at a future
date. Flip structures have been tailored to meet the needs of the project, such as in
the case of the PaTu Wind Farm. Flip structures have been a popular financing
mechanism for both community as well as commercial wind projects and have
proven to be replicable to several types of wind projects.

Projects that rely on a co-op structure also have elements of replicability. Co-
ops allow for members to invest in their community, which acts as a means of
raising capital, and members receive dividends. This structure has also realized
success both globally, and more recently in North America as discussed in the
WindShare and Oxford Community Energy Co-op cases, and should be considered
as a viable structure for future developments.

It may also be of value for developers to consider cost sharing with nearby
projects when possible. Piggybacking on other projects can help ease some of the
financial burdens on development as was demonstrated by the Millbrook and Truro
Heights case studies as well as the Crow Lake Wind project.

Some the cases presented below relied on complex structures consisting of
multiple financing mechanisms. These may be less replicable due to possible high
transaction costs and the time required to piece these packages together. Further-
more, some cases relied on wealthy families, such as the PaTu case, or donors, such
as in the Iowa school cases, to overcome high capital costs which cannot be
counted on when considering possible financial mechanisms.

The sale/leaseback structure in the Ridgewind project can possibly be repli-
cated and is desirable due to the simplicity of the being one entity for both con-
struction and permanent financing; however, there were some unique attributes of
the project that lead to success such as the project relying on tier 1 suppliers in
order to increase the lender’s confidence in turbine performance.

Crowdfunding has the potential to fund community wind projects and has been
proven to work overseas as well as in a US-based project. The crowdfunding model
is simple and can provide intrinsic value to the members who are contributing to
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renewable energy in their community. Companies are also realizing the benefits of
and interests in community wind and are developing specific business models, such
as the Wind Force Plan, to act as a financing model geared towards community
involvement in wind project development.

The states that are leading the way for community wind typically have some
type of community wind collaborative to provide development services to inter-
ested owners. Most of the cases depended on a federal, state, or provincial pro-
gramme and, therefore, are only replicable where such programmes exist. Feed-in
tariffs, tax incentives, RECs, and renewable energy loans were major drivers of
financial success. For example, there are several programmes in Minnesota which
have been credited for the success of the MinWind as well as other community
wind projects in Minnesota. The MinWind projects each received renewable
energy grants from the USDA. Similarly, the COMFIT program provided support
for many successful community wind projects in Nova Scotia including the Mill-
brook and Truro farms projects highlighted here.

Many factors will affect replicability including the availability of incentives
and the ability to use them, grant and policy programmes, jurisdictions, regulations,
project size, developer objectives, and preference for individual or co-operative
ownership. Developers will have to carefully assess these factors when selecting a
financing structure that works for their project.

Nearly all recent community wind literatures identify common barriers to
further community wind. These include market incentives and barriers, developer
incentives, and cost-effectiveness [12]. Where sales of securities are involved, high
administrative costs may apply. Identifying and engaging equity partners, finding a
willing power purchaser, and negotiating a PPA can also pose challenges. Fur-
thermore, when incentives are available, their use may be limited due to inabilities
to utilize tax credits and successful programmes being cancelled due to upward
pressure on rates, as in the case of COMFIT in Nova Scotia. Grid connection can
also be a barrier to further project development. Long project application and
development lead times present a challenge to raising local capital.

4.7 Innovative financing models – case studies
of community solar

Historically, of the financing models discussed above, three of them have been the
main project models for community solar: utility-sponsored, special-purpose entity,
and non-profit, each with unique costs and benefits associated with them. Examples
of each of these types along with some innovative models will be presented in the
case studies below. Cases 1 and 6 are variations of the utility-sponsored which
involves the utility owning or operating the project with voluntary ratepayer par-
ticipation. Cases 2 and 3 are examples of the special-purpose entity model, with
Case 3 having a unique REC component. Case 4 is a non-profit example involving
charitable donations from the community towards a community solar project. Case
5 highlights one project of many that have been developed through the Clean
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Energy Collective, an example of collective ownership through a utility. Case 8 is a
unique example of a large-scale project funded entirely through government grants,
and Case 9 highlights SolarShare – Canada’s leading renewable energy co-op.

4.7.1 Cases from the United States
4.7.1.1 Case 1: Sacramento Municipal Utility District – SolarShares

Program
An example of the utility-sponsored model is the SolarShares Program offered by
the Sacramento Municipal Utility District (SMUD). SMUD has been a pioneer in
community solar, building the first utility-scale solar array in the United States in
1984, generating enough electricity to power 2,200 single-family homes [48].
Through its SolarShares Program, SMUD provides customers the option to pur-
chase solar energy directly from SMUD and achieve net metering benefits that are
similar to behind-the-meter PV projects. SMUD purchases the output of local,
community-scale PV systems under 20-year PPAs and then resells the energy to
local participating customers. Subscribers to the SolarShares Program pay a flat
monthly fee, based on the share size they select (from 0.5 to 4 kW), for a portion of
solar power that is produced at a local solar farm. Their monthly bills are then
offset by a credit that will vary each month depending on the solar energy being
generated.

The programme began in 2008 with a 1-MW system constructed by enXco
who handled the capital financing of the project. EnXco is entitled to the ITC
generated by the project and SMUD purchases 100 per cent of the output and
retains the RECs [48]. SMUD is planning for expansion up to 25 MW. Many
similar utility-sponsored community solar programmes are available with the same
premise: the utility funds the project development and then sells shares in the
programme to recover the upfront costs and provide residents with solar energy.

4.7.1.2 Case 2: University Park Solar, Maryland
The residents of a Maryland community formed a for-profit private membership
LLC to develop a 22.7-kW solar power generation site in their community [49].
Solar panels were installed on the host site, University Park Church of the Brethren
by Standard Solar Inc., who also maintains the panels. Members could buy into the
projects starting at $2,000.00 and membership proceeds funded the purchase and
installation of panels. Members sell the power generated to the church at rates
slightly lower than the utility rate and excess power is sold back to the grid at
wholesale prices. Revenue leftover from the sale of energy and RECs, after O&M
costs, are divided amongst the members with members expecting to receive an
approximate 8 per cent return on investment over 20 years [49].

4.7.1.3 Case 3: Boardman Hill Solar Farm (BHSF)
This 150-kW AC project is one of the largest single-phase PV arrays in Vermont
and is entirely owned by 30 Vermont families and small businesses who purchased
shares in the project [50]. This project has been recognized for achieving low costs
without selling their RECs. Additionally, the $512,000 project was financed
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without any third party. This project was carried out through the formation of a
non-profit BHSF LLC which enabled the community to take responsibility for the
project, including financial and administrative matters. The $512,000, or $2.73 per
watt, did not account for site land lease, budgeted at 5 per cent of the project’s
output, or taxes and insurance. To keep prices low, interested participants saw
value in selling the RECs that the project would generate. However, the only
available land for the project was from an organic farmer who stipulated that if the
project was on his property, that it would be truly green renewable and therefore,
that the RECs were retired and not sold. The members of the LLC came up with an
innovative solution. They contracted with the land owner to pay the land lease
through energy credits to the landowner’s electricity bill from the output of panels
bought by the solar farm. The landowner still receives the 5 per cent over the
lifetime of the project and the costs for the members decreased enough to com-
pensate for not selling the RECs. This case study is an important contribution to
community renewable financing as it demonstrates the ability of a project to be
economically feasible without selling RECs. The financial success of the project
can be attributed to the member-managed, non-profit LLC and that the panels were
financed entirely by panel owners. The simple approach of this project has been
accepted by the Institute for Energy and the Environment at Vermont Law School
and Vermont Natural Resources Council for replication and expansion to other
communities [50].

4.7.1.4 Case 4: Solar for Sakai, Washington (Non-profit)
An example of a non-profit model is the 5.1-kW Solar for Sakai project on
Bainbridge Island, Washington. The project was funded by a $25,000 grant from
Puget Sound Energy’s Solar4R Schools programme and from 26 private, tax-
deductible donations totalling approximately $30,000 [51]. The local contributing
citizens do not receive payment for the energy produced by the system but do
qualify for a tax deduction as their contributions were to a non-profit entity.

4.7.1.5 Case 5: Clean Energy Collective (CEC)
The Clean Energy Collective (CEC) has pioneered an innovative community solar
concept. The CEC model finances solar power through collective ownership by
participating utility customers. The CEC was the first to propose the ‘community-
owned solar garden’ concept. Their first project was a 77.7-kW system in Colorado,
developed by the CEC and collectively owned by 18–20 customers of Holy Cross
Energy, the local electric cooperative [11]. The cost of this system was $466,000.
Capital was raised by selling individual panels at a cost of $725. The owners pur-
chased as little as one and up to 80 of the 340 panels in total. Owners received
11 cents/kW h produced by their share of the panels under a PPA negotiated with
Holy Cross. Since then, the CEC has expanded and currently has 56 projects across
15 states, totalling 51 MW. The community solar arrays are centralized solar
facilities that are owned by community members who receive credits on their
electricity bill for the power produced, capitalizing on the power of buying in bulk.
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Similar volume purchasing programmes have been successful such as Solarize
Portland, which ran from 2009 to 2013, bringing solar energy to over 1,000 Port-
land homes, and has now been revived and expanded to Connecticut [52]. This
programme works by bringing down the prices by buying in bulk from pre-selected
installers to lower overall costs. Additionally, the collective knowledge and support
helps to streamline the process for interested community members. Financing of
the panels is still paid for by individual community members, but the cost of
financing is brought down making solar more accessible in the community.

4.7.1.6 Case 6: Solar Pioneers II, Oregon (Utility-Sponsored)
The 63-kW community solar project was partially financed through a shared
ownership programme through Ashland’s Municipal Utility. Members made
upfront purchases in 1/4, 1/2, or full solar panel increments, at a price of $825 per
panel, and in return receive payment for the corresponding energy and RECs pro-
duced over 20 years [51]. The cost of unsold shares was absorbed by the utility.
Ashland was approved to use Clean Energy Renewable Bond (CREB) financing
and also took advantage of the Oregon BETC pass-through option. Specifically, the
Bank of the Cascades purchased the 35-per-cent tax credit (over 5 years) in return
for a one-time payment to Ashland equal to 25.5 per cent of the system cost, which
lowered the installed cost from $420,000 to $312,900 [51].

4.7.1.7 Case 7: Fort Dix, New Jersey (Crowdfunding)
The Fort Dix Solar project is an example of a successful project that was financed
through crowdfunding. In this case, the community turned to a company, Mosaic,
to coordinate the crowdfunding of the project. The project is a 12.3 MW solar
project that powers a military housing project in Fort Dix, New Jersey [8]. For a
1-per-cent fee, Mosaic allows people to invest in the project for as little as $25 and
coordinates the investors and payments. Mosaic has been responsible for 21 com-
munity solar energy projects and has been referred to as a pioneer in crowdfunding
renewable energy [8]. The system, using 55,189 panels, is expected to output 13.82
GW h annually.

4.7.1.8 Case 8: Elsie Whitlow School, Washington, DC [Property
Assessed Clean Energy Program (PACE)]

Property Assessed Clean Energy (PACE) programmes offer long-term private
financing for renewable energy projects. PACE programs are available in 19 states,
with residential programmes currently limited to California, Florida, and Missouri
[53]. The programme pays for 100 per cent of a project’s costs and is repaid over a
period of up to 20 years as payments added to the property’s tax bill. PACE can also
be combined with utility, local, and federal incentive programmes. An example of
successful implementation of this programme is the 35-kW rooftop solar PV project
at Elsie Whitlow Stokes Community Freedom Public Charter School [53]. The
capital for the project was provided by Greenworks Lending, a Connecticut-based
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PACE lender and will be repaid at a fixed rate over a 20-year term. The project also
received an incentive from the DC Sustainable Energy Utility and also qualifies for
Solar Renewable Energy Credits. The project expects to realize $9,800 in annual
savings, taking into account their annuals PACE payments.

The PACE program has been credited for several other successful projects,
such as the 56.4-kW solar PV project at Temple Israel in Cortland, New York and
another solar project at Ivy Knoll Senior Retirement Community in Covington,
Kentucky [53].

4.7.2 Cases from Canada
4.7.2.1 Case 8: Drake Landing, Alberta
The Drake Landing community solar project in the town of Okotoks, Alberta, is a
first of its kind planned neighbourhood that uses solar energy to meet over 90 per
cent of the heating needs of the participating residents [54]. The 52 house sub-
division has its space and water heating needs met by 800 garage mounted panels
throughout the community which generate 1.5 MW of thermal power during a
typical summer day. Short-term thermal storage and borehole thermal storage
facilitate collection and storage in the summer for use in space heating in the
winter. Funding for this innovative project was provided by three subsidization
sources: The Government of Alberta (C$1,125,000), the Government of Canada
(C$2,600,000), and the Federation of Canadian Municipalities (C$2,900,000) [50].
Since the costs of this project were fully funded, there was no need to obtain
financing or collect memberships.

There are a number of additional examples of successful community solar
programmes that are similar to those described here. Community solar is currently
more widespread than community wind due to the scalability of solar projects to
meet the needs of the community members.

4.7.2.2 Case 9: SolarShare Canada
SolarShare is Canada’s leading renewable energy co-op with over 1,275 members
[55]. The co-op develops commercial-scale solar energy installations and allows
community members to purchase shares in these projects. The projects range from
10 to 600 kW arrays with a combined portfolio of over 6 MW of installed capacity.
The Goodmark project near Toronto is an example of a successful project. The
133 kW project was developed by RESCo Energy and cost a total of C$690,611.
Annual revenue from the project is C$94,841 and members can expect a 5–6
per cent return on their investment [55].

4.7.2.3 Case 10: Solar Portfolio in Ontario, Canada
Nautilus Solar Energy LLC completed a 4.1-MW solar portfolio project, consisting
of 14 rooftop installations, in Ontario in 2015, with plans to expand to 24 MW [56].
This case study highlights the involvement of a private equity firm in a community
energy project. Private equity financing was secured from North Sky Clean Tech
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Alliance Fund LP and NewWorld Environmental Infrastructure LP. Community
investment partners included Green Energy Cooperative of Ontario Inc., and Eagle
Lake First Nation. The projects secured 20-year power purchase contracts under the
Ontario Power Authority’s feed-in-tariff programme. This project represents one of
the largest financings of a distributed solar portfolio.

4.7.3 Discussion on replicability and challenges
The solar projects have good replicability due to their more widespread use and
scalability. The three main financing models are, in general, replicable; however,
some of the case studies did rely on incentives or one time grants to achieve success.
The utility-sponsored model has been successfully executed in many different areas.
This model is favoured from a replicability perspective because the utilities generally
have similar infrastructure and programme management and the model is simple in
that the utility purchases the power, retains any RECs, and then resells to the com-
munity. Since the utility has the capital funds and a tax appetite to take advantage of
available credits, there is no requirement for complex capital funding arrangements.
Communities have also achieved success replicating the co-operative model.

The projects that relied on incentives and subsidies to attain affordability are
less replicable. For example, the Solar Pioneers II Program in Oregon made use of
the CREB and the Oregon BETC which are limited to the location of the project.
Similarly, the Drake Landing project was fully subsidized by three separate gov-
ernment sources, which cannot be expected to be available for future project
financing. In summary, when evaluating replicability, the projects that did not rely
on local incentives and subsidies are more likely to act as models for community
energy financing.

Future community solar projects are can turn to crowdfunding for upfront
costs, or more specifically can arrange financing through start-up companies who
coordinate community crowdfunding and investment in projects. Mosaic, the
company who helped enable the 12.3 MW solar project in Fort Dix, New Jersey is
one such company, and others such as Village Power, a Palo Alto, California-based
platform has also entered the renewable energy finance scene, allowing community
organizations to fund and manage solar projects through investments from the local
community. Private equity firms that, once focused on large-scale projects, are also
now involved in community energy finance. In addition to the case presented, an
additional 100 MW community-solar portfolio project focused in the Minnesota
community solar sector and funded by North Sky Capital, a private equity firm, was
recently announced [57]. The growth of renewable energy fund companies is likely
to continue as more communities realize the environmental and economic benefits
of renewable energy but lack funds and expertise to execute the deals. Involving a
private equity firm with experience in energy financing also assists communities
with the challenge of navigating energy transactions and markets as these firms will
develop expertise as they execute more deals.

Another simple option is for communities considering solar projects to start
work with their local utility. The utilities generally already have the legal, financial,
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and physical infrastructure in place and are willing to work with the community to
provide an option for shared solar power. Taken together, these cases demonstrate
the community solar is an economically feasible option across North America and
regardless of the scale of the project.

4.8 Summary and conclusions

A summary of the case studies and project details that are discussed in this chapter
is presented in Table 4.1.

Community energy is expanding in North America yet still faces challenges
due to high capital costs, more so with wind than solar, associated with project
development. The case studies presented demonstrate that community energy is
feasible in North America and has many economic, environmental, and social
benefits. Community energy projects are expected to continue to expand in North
America. Particularly in remote off-grid communities where diesel generation and
freight costs are high, renewable energy technologies will make economic sense
[58]. Society engagement in carbon reduction initiatives and instability in energy
markets could further drive interest in community renewable energy. Through
incentives and creative financing, it is possible to increase community wind and
solar in North America.

Developers can look to case studies, such as these, as resources when trying to
piece together financing to make their projects possible. Although the models
presented here will provide examples for future developers, models alone will not
be enough. Looking at examples of where community energy has been successful,
legal and financial government drivers are what fuelled community ownership
elsewhere and are what will be necessary to push community wind and solar for-
ward in North America.

These case studies highlight success stories. There are also numerous cases of
failed community wind projects, many of dedicated significant resources and time
to a project to have it halted. For example, SaskWind spent 4 years working on a
Swift Current Community Renewables project consisting of 25 MW of wind gen-
eration and 10 MW of solar generation to be 100 per cent community-owned – the
first of this scale in North America, to have SaskPower decide not to consider the
project at the time [59]. Even with proven technology and complete financing
packages, projects may not be realized.

Economics is an important consideration; however, there are several others.
Selecting the best resources for a community energy project is an important first
step. Geographic and climatic considerations will drive the decision between wind
and solar as will the scale of the project, the availability of incentives and grants,
and compatibility of the technology with the built environment in the community
[22]. Furthermore, successful projects require innovation and community support.

The cases that were selected for this chapter were intended to capture a sample
of projects spanning various geographies, scales, and financing structures. In
addition to the demonstrated case studies, many models of how community wind
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Table 4.1 Summary of case study project details

Project name Project size Date of
operation

Location Financing
structure(s)

Loans/incentives/
programs

Wind

PaTu Wind Farm,
LLC

9 MW 1 December 2010 Wasco, Sherman
County, Oregon

Unique flip
structure

Oregon’s Energy Loan
Program

Oregon’s Business
Energy Tax Credit

MinWind MinWind 1 and 2:
1.9 MW

MinWind 3–9: 1.65
MW

2002–2004 Minnesota Local debt and
equity

Renewable energy
grants from the
USDA

Ridgewind 25.3 MW December 2010 Minnesota Sale/leaseback Sales of RECs
Minnesota WindShare

Program
Iowa, Powering

Schools
50 kW–1.65 MW 1991–2004 Iowa Grants, donations,

fundraising
Iowa Energy Center’s

(IEC) Alternative
Energy Revolving
Loan Program
(AERLP)

Grants from the US
Department of
Energy

Crow Lake Wind 10.5 MW February 2011 South Dakota Cooperative
Crowdfunding

Section 1603 Grant
Program

Sales of RECs
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Hale Community
Wind

1,200 MW
(potential)

November 2016
(expected)

Texas Through the Wind
Force Plan (exact
details are
proprietary)

Landowner and
local investors

Tax credits

Millbrook and
Truro Heights
Community
Wind

6 and 4 MW 2014 Nova Scotia LLC Partnerships COMFIT

Box Springs Wind 6 MW 2012 Alberta Public–private
partnership

Frampton Commu-
nity Wind

24 MW December 2015 Quebec Construction loan
and bridge
financing backed
by 20-year PPA
with Hydro-
Quebec

WindShare 750 kW February 2002 Ontario Community-based
cooperative

Gunn’s Hill 18 MW Under construction Ontario Limited
partnership/
cooperative

FIT Program

Solar

Sacramento
Municipal Utility
District Solar-
Shares

1 MW (plans for
expansion to
25 MW)

2008 Sacramento Solar Utility Model ITC, RECs

(Continues)
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Table 4.1 (Continued)

Project name Project size Date of
operation

Location Financing
structure(s)

Loans/incentives/
programs

University Park 22.7 kW July 2010 Maryland Community for-
profit LLC

RECs

Boardman Hill
Solar Farm

150 kW October 2015 Vermont Community LLC
with REC retire-
ment

ITC

Solar for Sakai 5.1 kW 2008 Washington Non-profit Grant, private
donations

Clean Energy
Collective

77 kW 2010 Colorado Collective owner-
ship through uti-
lity

Bulk purchasing

Solar Pioneers II 63 kW 2007 Oregon Shared ownership
through utility,
REC payments

Clean Energy Renew-
able Bond, Business
Energy Tax Credit

Fort Dix Solar 12.3 MW 2009 New Jersey Crowdfunding ITC
Elsie Whitlow

School
35 kW 2016 Washington, DC PACE Program Incentives

SRECs
Drake Landing 1.5 MW 2007 Alberta Fully funded through

subsidies:
Government of

Canada, Govern-
ment of Alberta,
Federation of Cana-
dian Municipalities

SolarShare Canada 10–600 kW
projects, total-
ling 6 MW

2011 Across Canada Community-based
cooperatives

FIT Program

Nautilus Solar
Portfolio

14 projects, total-
ling 4.1 MW

2015 Ontario Private equity FIT Program
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can potentially be implemented have been proposed [10]. By simply make devel-
opers aware of the potential mechanisms available, more innovative deals can be
possible and more communities can reap the benefits of clean, reliable energy.
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Chapter 5

Community-level solar thermal systems

Vishal Bhalla1, Vikrant Khullar2 and Himanshu Tyagi1

Abstract

This chapter provides a brief background in the various conventional methods
(surface-based absorption of solar energy) available for harnessing solar thermal
energy at a community level. It describes some of the main differences between the
typical non-concentrating as well as concentrating type solar collectors, and high-
lights some of their main attributes. It also presents in detail the results of a novel
technique for harnessing solar energy. In this technique, the solar energy is directly
absorbed by the fluid (volumetrically) using nanoparticle-laden fluids (hence, it is
categorized as volumetric-based absorption of solar energy). Such a collector is
analysed in detail using a numerical model. The results of the numerical model are
then discussed, which simulates the requirements of hot water for a typical com-
munity consists of about 10 households (40 persons). Two of the main performance
evaluation parameters – collector efficiency and the fluid outlet temperature – have
been extensively studied, and the influence of various design and operational
parameters (particle volume fraction, mass flow rate, solar irradiation, collector
height, collector length) on these two have been studied in detail. Moreover, the
variation of spectral intensity, energy generation rate and spatial temperature dis-
tribution within the collector has been quantified. The calculations also show the
dimensions of the desired solar collector in order to meet the daily hot water
requirements (100 kg/person) for this community.

5.1 Introduction

Solar energy has been used in various forms in communities within India (and
across the world) for a long time. Right from the antiquity where the sun was used
for day lighting, navigational purposes to middle ages where applications such as
drying, disinfection, curing evolved, till the present time where lot solar-driven
processes are taking place in various segments of the society. For example, in
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current times within the rural agrarian societies, the processing of food product
(lentil seeds) and agricultural by-products (manure-cakes) is highly reliant on solar
energy. Similarly, with the advent of solar thermal energy (STE)-based systems
(water and air solar collectors), lot of residential and industrial demand for hot
water is being met through solar energy. Even production of electricity has been
taking place in large scale using STE-based systems [parabolic trough collectors
(PTC) and central tower receivers] in addition to the more prevalent solar PV
(photovoltaic).

When the use of solar energy is compared to the overall use of energy from all
available sources an interesting picture emerges. Even more so, when this com-
parison is carried out over the last three to four decades. Energy has always been
seen as driver of economical grow, and even more so since the advent of the
industrial revolution. In the last two to three centuries, availability of energy
sources has been seen as drivers of economical growth, and various developed
countries have been heavily utilizing the main source of energy – fossil fuels. These
fossil fuels mainly consist of coal (28.6 per cent share), petroleum products
(31.3 per cent share) and natural gas (21.2 per cent share) [1]. When the three of
these are taken together, they have been responsible for approximately 81.1 per
cent [1] of the net global energy utilized since the beginning of the industrial
revolution till the present times. When such figures are compared for individual
sectors, this share may become even larger – for instance, in transportation sector,
fossil fuels have been responsible for about 95 per cent share [2], in electricity
production about 66.7 per cent share [1]. These figures of course vary from country
to country and also with time. There are a few exceptions which stand out, for
example France has relied heavily on nuclear energy for generation of electricity,
Scandinavian countries have invested a lot in wind power, Iceland in geothermal
energy and recently lot of countries (Spain, India, USA, China, etc.) have invested
heavily in solar energy.

With the past record of such high proportion of fossil fuel usage, there are
certain challenges faced globally. Among them few are fluctuations in price of
fossil fuel products (two extreme examples occurred in the 1970s and 2000s),
geostrategic and security related issues, and most predominantly, the impact on the
environment by the overwhelming use of fossil fuels. It is estimated that about
1,120 billion tonnes of carbon dioxide has been pumped into the atmosphere due to
human activity during the whole of recoded history, and at present, every year an
estimated 200 million tonnes is further being added to the atmosphere [3]. It is
expected that due to this additional carbon dioxide the average temperature of the
planet could rise about 0.9 �C [4], which may have huge impact on marine life,
affect crop yield, change rainfall pattern, etc. These figures are cause of alarm and
necessary action is being planned at multiple levels (international, national, state
and province, community and personal) to slowly reduce the reliance on fossil fuels
by harnessing alternative forms of energy, primarily – solar, wind, hydro, nuclear,
geothermal, biomass, tidal, etc. In addition, several steps are being undertaken to
reduce the global energy footprint by increasing efficiencies of equipment, pro-
cesses (e.g. making buildings and appliances more efficient), as well as use of
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smart materials. In this context, the utilization of solar energy provides an oppor-
tunity to utilize a clean and sustainable form of energy.

This chapter deals with the potential application of various STE technologies
at community level within India. The focus of the chapter remains predominately
on technical issues such as sizing, design, optimization of operational parameters in
order to achieve high efficiency, etc. It begins by giving an overview about the
global energy requirement and the unique opportunity to harness solar energy. It
then talks about one of the main techniques for harnessing solar energy for thermal
applications – flat-plate collector (FPC). Next, a very detailed description has been
provided for the novel technique of absorbing the sunlight using nanoparticles
(volumetric-based absorption of solar energy). Such a collector has been analysed
using a numerical model. The results of this numerical model have been provided
which simulate the hot water requirement for a small community in India consisting
of about ten households. Further, the detailed analysis of the performance of such a
collector has been presented, including the influence of various operations and
design parameters (particle volume fraction, mass flow rate, solar irradiation, col-
lector height, collector length) on the overall performance of the collector.

5.2 Solar energy

Solar energy is available at almost all locations in the world. It is estimated that
every day on average about 5.6 million exajoules of sunlight strikes the surface of
the earth. This value is approximately about 1,000 times the current global energy
consumption (570 EJ) [5]. A large portion of this sunlight gets reflected back into
space, while some portion is absorbed by the land and water bodies. Some portion
of sunlight is also absorbed by the plants which convert that energy into biomass.

At any given terrestrial location on the earth the value of the global horizontal
solar irradiation (defined as the amount of solar flux incident on a horizontal sur-
face from all directions, and has the units of W/m2) has pattern of variation. On a
given day, it varies from hour to hour, due to the relative motion of the sun and
earth (caused by the rotation of the earth), beginning at 0 W/m2 close to dawn, then
reaching a peak value during the solar noon and again reaching 0 W/m2 around
dusk time. If on a particular day the sunlight is obstructed by local weather con-
ditions (clouds, fog, dust storm, etc.), the value of the solar irradiation would be
affected accordingly. Unexpected global events such as volcanic eruptions and
solar/lunar eclipses also affect the amount of sunlight reaching the ground.
A diurnal variation of solar irradiation further varies from region to region,
depending on the latitude of the location (e.g. variation between the equatorial
region vs. the polar region on the same day). Moreover, the pattern of solar
movement (tracked by solar-based angles such as zenith, azimuth, altitude, etc.)
varies from month to month. In the northern hemisphere, the sun reaches a higher
altitude angle during solar noon from the months of April to September compared
to the rest of the months; and the reverse happens in the southern hemisphere. All
these variations in solar position (on an hourly as well as seasonal basis), coupled
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with the intermittency issues, along with the demand-side variation creates a very
complicated picture of the optimum utilization of solar energy resources.

Various types of solar collectors are available for efficient conversion of the
solar irradiation into the thermal energy of the working fluid. Their classification
depends on various factors, predominant amongst which is the requirement of the
outlet temperature.

1. Non-concentrated type collectors

For low-temperature applications (50–90 �C) [6]:

(i) FPCs: These may also have some design variations
(a) unglazed
(b) single glazed
(c) double glazed

(ii) Evacuated-tube collectors

2. Concentrated type collectors

For mid-temperature applications (150–200 �C) [6]:

(i) PTC

For high-temperature applications (200–400 �C) [6]:

(ii) Central tower receivers
(iii) Paraboloid dishes

Generally speaking, there are significant differences between the non-concentrated and
concentrated type collectors [7]. The main differences between the non-concentrated
and concentrated type collectors have also been highlighted in Table 5.1.

As the focus of this chapter is on providing hot water supply to a community
consisting of about ten households, in subsequent sections, attention has been paid
to only non-concentrated type solar collectors which produce the output fluid at
temperatures (<95 �C) which are of the current interest. The next section provides
details of the conventional FPC such as it is constructional, operational and design
related features. After that, the subsequent section discusses the results of a novel

Table 5.1 The main differences between the non-concentrated and concentrated
type collectors [7]

Attributes Non-concentrating type
solar collectors

Concentrating type solar
collectors

Examples Flat-plate collectors,
evacuated tube collectors

PTC, central tower receivers,
paraboloid dishes

Solar irradiation Both direct and diffuse Only direct
Tracking No tracking required 1-axis or 2-axis tracking required
Temperature range Low (50–90 �C) Medium to high (150–300 �C)
Typical

applications
Water and air heating, drying,

passive building heating
Steam generation, industrial proces-

sing, electric power generation
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type of solar collector which uses nanoparticles to directly absorb the incident
sunlight (volumetric-based absorption of solar energy).

5.3 Flat-plate collector

FPCs are very useful for use by individuals as well as communities to obtain low to
medium temperature range of water (50–80 �C) [8]. Since it does not require any
tracking mechanism its operation is relatively very simple and can provide up to
about 20–50 l of heated water per day (per square meter of roof space), depending
on the levels of incident solar irradiation.

5.3.1 Construction and operation of a flat-plate collector
Figure 5.1 details the constructional and thermal resistance circuit details of two
most popular designs of FPC. In both these designs, the solar selective plate is
essentially responsible for STE collection. However, they differ from each other in
the manner the absorber plate is attached to the array of working fluid carrying
tubes/conduits. This aspect is critical as it dictates the efficiency with which the
absorbed solar energy is transferred to the tubes/conduits (housing the working
fluid). The latter of the two designs [see Figure 5.1(b)] is more robust as in this
design the absorber plate and tubes form an integral component. Opposed to this, in
the former design [see Figure 5.1(a)], the efficiency shall depend on the thermal
contact resistance of the bonding material between the absorber plate and the tubes.

Insulation

Insulation Tubes/Conduits (welded to the plate)

Solar selective coated plate
Glazing

Tubes/Conduits (integrated
with solar selective coated
plate)

(a)

(b)

Solar selective surface

Solar irradiance

Working fluid
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Figure 5.1 Schematic of a solar flat-plate collector designs: (a) heat transfer fluid
(HTF) carrying tubes/conduits welded/soldered to the absorber plate,
(b) HTF carrying tubes/conduits integral to the absorber plate, and
(c) the thermal resistance circuit for solar flat-plate collector design

Community-level solar thermal systems 99

www.TechnicalBooksPDF.com



It is imperative to ensure good thermal conductance of the bonding material for
optimum performance of the collector. Quantitatively, thermal conductance of the
bonding material is given by the following equation:

Cb ¼ kbb

g
; (5.1)

where kb is the thermal conductivity of the bond material and b and g are the width
and thickness of the bond, respectively. Efficiency factor of the collector increases
with increase in bond material conductance, for instance, it has been reported by
Whillier and Saluja [9] that as the bond thermal conductance is increased from 1.73
to 17.3 W/m K, the efficiency factor increases approximately by 33 per cent. Once
the absorber plate converts the solar radiant energy into thermal energy, this ther-
mal energy is transferred to the tubes (through conduction) and subsequently to the
working fluid (though conduction and convection). To ensure low radiative and
convective losses glass glazing(s) is employed. Air gap between the absorber plate
and the glass cover ensures low convective losses. Furthermore, the glass cover
being highly transparent to incident sunlight and opaque to IR radiations ensures
low radiative losses. At the back, insulation is provided to reduce thermal (con-
duction) losses from the tubes/conduits.

The FPC consists of various components such as the outer casing, absorbing
surface, transparent glass cover, etc. All the components are described in detail,
along with the materials that they are generally made of, as well as the attributes
desired from them, in Table 5.2.

Now that we know the basic construction and operation of a FPC, let us get into
more detail of the heart of the FPC i.e. the absorber plate. Generally, the plate is
constructed from a metal (copper, aluminium, etc.) which is coated on one-side with

Table 5.2 Components of a flat-plate collector

Component Typical materials used Desirable attributes

Solar selective
absorber plate

Black-chrome-coated
copper/aluminium sheets

High solar weighted absorptivity and low
infrared radiation (IR) emittance and
high thermal conductivity

Tubes/conduits Black-chrome-coated
copper/aluminium

High solar weighted absorptivity and low
infrared radiation (IR) emittance and
high thermal conductivity

Glass glazing Low iron borosilicate glass High solar irradiance transmittance and not
allowing the long wavelength IR to
escape the collector

Heat transfer
fluid (HTF)

Water, water þ antifreeze
solutions

Non-reactive, non-acidic, non-corrosive

Insulation Fibreglass Should retain its low thermal conductivity
characteristics even at elevated
temperatures

Outer cover/
casing

– Houses all the components
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a selective-coating. The purpose of this coating is to absorb the maximum amount of
solar irradiation, and at the same time should have minimum amount of emission
losses. This solar selectivity can be achieved by having a wavelength-dependent
property (absorptivity as a function of wavelength). Figure 5.2(a) shows the spectral
solar irradiance (AM 1.5) and the black body emission spectra at typical collector
temperatures. Furthermore, Figure 5.2(b) shows the spectral absorptivity of an ideal
solar selective surface which has a sharp cut-off wavelength.

5.3.2 Design and operational parameters
Various design and operational parameters that affect the performance of the solar
collector are summarized in Tables 5.3 and 5.4.
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Figure 5.2 Wavelength dependant parameters: (a) solar irradiation and black
body spectra and (b) spectral absorptivity, al
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Table 5.3 Various design parameters affecting the performance of the flat plate solar collector

Design parameters Effect on

Optical efficiency Thermal efficiency Outlet temperatures Cost/maintenance

Location and
orientation

Optimum tilt angle (¼ to the latitude of that location) angle is imperative to ensure
high optical and hence thermal efficiency (and outlet temperatures)

–

Collector area – May increase if proper
insulation mechanisms
are devised

Increase owing to increase
in the energy gain

Increases with size

Glazing (glass cover)
optical properties

Optimum optical properties of the glazing are imperative to ensure high optical and
hence thermal efficiency (and outlet temperatures)

Needs to be cleaned and mon-
itored for cracks if any due to
thermal cycles or natural
calamities

Number of glass
covers

Decreases with increase in number of glass covers –

Gap between the
glazing and the
absorber plate

– Not affected if the gap is varied under suitable limits
(20–40 mm). Convective losses shall increase at
higher gaps and conduction losses may increase at
lower gap heights

–

Optical properties of
absorber plate

Increases with
increase in
absorptivity of the
absorber plate

Increases with increase in absorptivity of the absorber
plate and decrease in emissivity of the absorber plate

Solar selective paints and
coatings may lose their
desired properties with time
and thermal cycles

Thermal contact
between absorber
plate and conduit

– Most critical to ensure efficient heat transfer from the
absorber plate to the tubes/conduits housing the
working fluid

Needs to be periodically
monitored and repaired
(if perforated or broken)

Working fluid – High thermal conductivity
and ability to wet the
surface shall enhance
the thermal efficiency

Low specific heat shall
result in higher outlet
temperatures

Nature of the working fluid shall
dictate the overall life of the
collector. The extent of
corrosion and erosion shall
depend on the acidity/nature
of the working fluid
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It is apparent from the critical review that there are numerous designs and
operation parameters that need to be taken care in order to ensure optimum
operation and life of the FPCs. Furthermore, the mechanism of transfer of the
absorbed energy to the working fluid is not a very efficient process and also the
existing FPC designs are metal components intensive resulting in corrosion and
erosion problems. Therefore, in order to overcome these problems researchers have
proposed numerous improvements vis-à-vis to the existing designs. In this respect,
volumetric absorption-based FPCs promise higher thermal efficiencies and lower
maintenance costs. Such collectors are discussed in detail in the next section, where
a detailed analysis has been carried out on them using a numerical model, to
simulate the process of producing hot water for a small community of about ten
households in India.

Table 5.4 Various operating parameters affecting the performance of the flat
plate solar collector

Operating
parameters

Effect on

Optical
efficiency

Thermal
efficiency

Outlet
temperatures

Cost/maintenance

Solar irradiance – Increases as the
energy gain
increases for
the same
collector area

Decrease with
increase in
mass flow
rate

–

Mass flow rate – Increases with
increase in
mass flow rate

Decrease with
increase in
mass flow
rate

–

Inlet
temperature

– Decreases – Cost as well main-
tenance cost may
increase owing to
usage of better

Dust and dirt Decreases with
increase in
dust layer
thickness

Decreases Decrease Needs to be cleaned
periodically to
ensure consistent
optimum
performance

Wind speed – Decreases owing
to increase in
convective
losses

Decrease
owing to
increase in
convective
losses

High wind speed
may damage the
collector
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5.4 Community-level volumetric absorption-based solar
collectors (using nanofluids)

This section presents the results of the numerical model of a volumetric absorption-
based solar collector that is assumed to meet the demands of a typical community
in India (consisting of about ten households). The section is divided into two parts.
In the first part, the background details of the volumetric absorption-based solar
collectors are provided. Here, various boundary conditions and assumptions have
been laid out. In the second part, the full details of the results which are obtained by
varying the important parameters (such as particle volume fraction, mass flow rate,
incident radiation intensity) along with their effects on the performance of the solar
collector (collector efficiency, fluid outlet temperature), have been provided.

5.4.1 Numerical model of the volumetric absorption-based
solar collector

Figure 5.3 shows the schematic of a typical closed-loop community-level solar
collector system. The system consists of the solar collector which absorbs the solar
energy and converts it into thermal energy, which is carried away by the fluid
flowing through the collector. This fluid once it gets heated passes through the heat
exchanger which also acts like a partial storage device where the hot fluid can be
stored up to a limit (depending on the requirements of the community). This
enables the system to utilize maximum potential of solar energy both during the
peak sunshine hours as well as during the periods when the sunlight is not available.
On the other side of the heat exchanger, the cold water from the supply tank flows
this cold water, gets heated once it flows through the heat exchanger and after
becoming sufficiently warm, it exits and is supplied to various places within the
community.

Such a system is able to provide reliable and continuous supply of warm water
to the community with very little issues related to maintenance as well as very less
reliance for external power input (except for operating the pump). To make such a

Solar
collector

Pump
Cold
fluid

Heat
exchanger

Warm
fluid

Figure 5.3 Schematic of a closed-loop community-level solar collector system
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system truly stand-alone, a small PV panel (along with a battery backup) can also
be used, so that the electricity needed to operate the pump can be harnessed from
sunlight directly.

Figure 5.4 shows the schematic and the thermal resistance circuit of the
volumetric absorption-based solar collector. Such a collector is able to absorb the
incident solar irradiation directly within the (volume of) fluid itself. This is carried
out by utilizing sufficient quantity of nanoparticles which are mixed within the
fluid itself to enhance its radiative properties. Some of the working fluids (base
fluids) used in solar collectors are water, oil, molten salts [10]. The main criterion
for choosing a particular fluid for a given solar collector is its boiling point. For
relatively low temperature (say <95 �C), which are usually required in community-
scale solar collectors, water is a good candidate [11]. Water has very good thermal
(thermal conductivity, thermal diffusivity, specific heat) and physical properties
(density). However, within the solar spectrum (which is between 0.2 and 3 mm),
water is mostly transparent [10]. As a result, it cannot be directly used as a medium
for absorbing sunlight. Therefore, sufficient quantities of nanoparticles need to be
added to the base fluid to enable the fluid to significantly absorb the solar energy.
As compared to larger particles, the nanoparticles have very high absorption cross-
section per unit particle volume [12]. Furthermore, careful selection of nanoparticle
material, shape and size could ensure high solar weighted absorptivity at low-
volume fractions of nanoparticles.

Generally, the nanoparticles that are considered good candidates for such
applications are – graphite, aluminium, copper [13–16]. Nanoparticles are made of
such materials exhibit good absorption and scattering coefficients (Ka and Ks,
respectively), within the solar spectrum [17]. In addition to the material, other
parameters also influence the radiative properties of the nanoparticle, mainly par-
ticle diameter (D) and particle volume fraction ( fv). These values are typically
expected to be within D ¼ 5 nm to D ¼ 80 nm, and fv ¼ 0.001 per cent to fv ¼
0.5 per cent [15].
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Figure 5.4 (a) Schematic of volumetric absorption (using nanofluids)-based solar
collector and (b) thermal resistance circuit for volumetric absorption-
based solar collector
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The schematic of the volumetric absorption-based solar collector discussed in
this study is shown in Figure 5.4. The nanofluid enters the collector from the left
side and flows across the collector, and finally exits from the right side. As shown
in the schematic, the problem is assumed to be 2-dimensional (in x and y directions).
The fluid is contained between two surfaces. On the top it is covered by a trans-
parent glass (having an overall transmissivity of t¼ 0.9, within the solar spectrum).
At the bottom it is contained by an opaque surface which does not allow any of the
irradiation to pass through it. The top glass cover is exposed to the ambient con-
ditions (surroundings at a temperature of Tsurr ¼ 35 �C, and a convective heat loss
coefficient of hconv ¼ 5 W/m2 K). The solar irradiation incident on the top surface is
assumed to be normally incident, at a flux of 1,000 W/m2 [15]. In order to solve the
numerical analysis, following assumptions have been considered: (1) the top sur-
face is exposed to the ambient atmosphere so losses from top surface are due to
convection only, (2) bottom surface is adiabatic and transparent i.e. no heat flux can
pass through it. (3) Emission losses from the top surface are negligible, (4) scat-
tering by the nanoparticles is an independent scattering because the volume fraction
of the nanoparticles is very small. (5) Spectrally distributed solar irradiance is
incident normally to the solar collector with an intensity of 1,000 W/m2 (no
atmospheric absorption).

In the present model, the following parameters have been assumed:

Basefluid Water
Type of nanoparticles Graphite
Incident flux (normal) on the top surface, qo 1,000 W/m2

Transmissivity of the glass cover, t 0.9
Overall convective heat loss coefficient, hconv 5 W/m2 K
Surrounding temperature, Tsurr 25 �C
Fluid inlet temperature, Tin 35 �C
Fluid inlet velocity, U 1 cm/s
Height of the collector, H 1.2 cm

The model has been simulated for the following requirements of a community:

Total number of households in the community, 10
Number of persons residing in each household, 4
Hot water requirement per person per day, 100 kg [18]
Desired hot water temperature, 60 �C

This model is numerically solved using the 2-D heat transfer and 1-D radiative
transport equations in MATLAB�, using finite difference technique. For describing
1-D radiative transport equation, the following equation has been used:

Il ¼ Io;le
�Kal;waterþð�Kel;nanoparticlesÞyt (5.2)

where Il is the intensity of light propagating inside the nanoparticles-laden fluid, Io

is the intensity of the incident light, Kal is the spectral absorption coefficient, Kel is
the spectral extinction coefficient, y is depth of solar collector, t is the transmit-
tance of the glass.
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After finding intensity distribution in the solar collector, radiative heat flux (qr)
has been evaluated which is defined as

qr ¼
ð
l

ð
f
Ildfdl (5.3)

For solving 2-D heat transfer equation, the following equation has been used:

rCpu � rT ¼ r � ðk � rTÞ � rqr (5.4)

where r is the density of the nanofluid, Cp is the specific heat of the nanofluid, k is
the thermal conductivity of the nanofluid, qr is the divergence of radiative heat flux,
which results in volumetric heating due to incident solar radiation.

The details of the equations and the numerical methods have been discussed
elsewhere and those details are not the focus of the current study [15,16]. The
results obtained by solving those governing equations are presented here. The
calculations performed by the model gives the following results:

Design fluid mass flow rate, m ¼ 0.185 kg/s
Length of the collector, L ¼ 16.6 m
Width of the collector, W ¼ 1.85 m
Total area of the collector, A ¼ 30.7 m2

5.4.2 Parameters influencing the performance of the
solar collector

Figure 5.5 shows the spectral intensity variations within the solar collector at various
depths of the solar collector. As can be seen from this figure, the incident solar energy
on the top surface of the fluid corresponds to the solar blackbody radiation (Tsun ¼
5,800 K). The significant portion of solar spectrum (99 per cent) lies within the

0

200

400

600

800

1,000

1,200

1,400

0.0 0.5 1.0 1.5 2.0 2.5 3.0

Sp
ec

tra
l s

ol
ar

 ir
ra

di
an

ce
 (W

/m
2  μ

m
)

Wavelength (μm)

y/H = 0
y/H = 0.1
y/H = 0.25
y/H = 0.5
y/H = 1
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wavelengths of 0.2 and 3 mm, and the peak of the solar irradiation is about 0.5 mm.
Once the irradiation passes through the glass cover (t¼ 0.9), and interacts with the
top layer of the fluid, its flux is about 900 W/m2. As the irradiation passes through the
fluid, it is gradually absorbed. The absorption is also accompanied by scattering, and
the sum together is denoted by extinction. Hence the extinction coefficient (Ke) can be
expressed as the sum of absorption and scattering coefficients, Ke ¼ Ka þ Ks [19]. All
these quantities have a spectral dependence, due to which the attenuation of the
intensity takes places somewhat non-uniformly over various wavelengths. For
example, at a wavelength of about 1.5 mm, the attenuation is relatively the least, where
at around 0.5 mm, the attenuation in intensity is very high.

Figure 5.6 shows the variation of energy generation rate along the depth of the
solar collector, at two different particle volume fractions. For both cases, it can be
seen that the energy generation rate is very high near the top surface and it
decreased very rapidly along the depth of the collector. This is because the radia-
tion intensity gets attenuated exponentially, as per Beer’s Law. Hence the top
portion of the fluid absorbs maximum radiation (and as a result get heated the
most). The remaining radiation reaches the lower portion and is subsequently
absorbed there.

The temperature profile within the collector has been shown in Figure 5.7. This
figure shows the temperature variation within the collector at two different axial
locations, first at x/L ¼ 0.5, and second at x/L ¼ 1. When the fluid enters the solar
collector it has a uniform inlet temperature (Tin ¼ 35 �C). As the fluid flows within
the collector (i.e. moves along the x direction), it starts to get heated by the solar
irradiation. The more time it spends within the collector, the more time it spends
receiving the incident solar irradiation and consequently its temperature starts to
increase accordingly. This process will continue even for longer collectors, and the
fluid will continue to get warmer and warmer as it flows. Eventually, it will reach a
point where the losses from the fluid to the ambient (convective and radiative
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losses) will become equal to the incident energy, at which point its temperature
would stop increasing any further. In this figure, only two locations x/L ¼ 0.5 and
x/L ¼ 1 have been considered just to show the transition of temperature profile
along the length of the collector. These two locations show that the temperature
before x/L ¼ 0.5 will be less and after x/L ¼ 0.5 the temperature will be more.

Also, from the same curves (Figure 5.7), another trend can be seen, regarding
the variation of temperature along the depth of the collector. For instance, at both
these axial locations, the temperatures are much higher near the top surface (near
y/H ~ 0.2) and then decline at lower locations. The lowest temperatures are
observed at the bottom surface (near y/H ¼ 1). The temperature profile shows a
slight bend near the top (i.e. near y/H ~ 0.2). This is because there are some
convective losses from the top surface. As a result, the highest temperature for a
given axial location, does not occur at the top (y/H ¼ 0), instead it occurs at a
location slightly below the top surface (say near y/H ~ 0.2).

Figure 5.8 shows the variations in mean fluid temperature as a function of the
distance along the collector. The mean fluid temperature is obtained by averaging
the fluid temperature along the depth (y direction) for each axial location. This
figure shows curves for three different cases depending on the amount of nano-
particles present in the fluid – base fluid (pure water), nanofluid having low-
volume fraction of nanoparticles and finally nanofluid having high-volume fraction
of nanoparticles. In all the three cases a similar trend is observed – the mean fluid
temperature experiences a steady increase along with the distance travelling by the
fluid within the solar collector. These curves are a direct outcome of the tempera-
ture profiles shown in the previous figure (Figure 5.7), where the spatial distribu-
tion of the temperature was shown.

The variation of the fluid outlet temperature as a function of the mass flow rate
has been shown in Figure 5.9. This figure shows three different curves
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corresponding to the following three cases – base fluid (pure water), nanofluid
having low-volume fraction of nanoparticles and finally nanofluid having high-
volume fraction of nanoparticles. For each case it is seen that the outlet temperature
shows a gradual dip with increase in the mass flow rate. These results have been
obtained by keeping all the other parameters same and just by varying the mass
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flow rate. As a consequence, an increase in the fluid flow rate leads to a reduction
in the time for which the fluid is able to absorb sunlight, leading to a natural
decrease in the outlet temperature. For instance, in an extreme example, if the flow
rate of the fluid through the collector were to be very high, it would be expected
that the outlet temperature of this fluid would be very close to the inlet temperature.
If the curves shown in this figures were to be extrapolated, a similar trend would be
observed.

The outlet temperature of the fluid also depends on the incident radiation
intensity. The radiation intensity incident on a particular solar collector can vary in
real life conditions for a variety of reasons. First, during the natural course of the
day the solar radiation intensity changes from a low value in the morning to a
highest value near noon and again reduces towards the evening. Moreover, the
sunlight can experience transients due to weather conditions (cloudy, rainy, foggy,
etc.). And finally due to human intervention also the radiation intensity can be
controlled, say by use of reflector mirrors (to increase its amount) or by partial
shading (to reduce its amount), or by changing the tilt (to either increase or
decrease its amount). Figure 5.10 shows a variation in the fluid outlet temperature
with respect to the incident solar radiation. All the three curves in this figure show
an increase in the fluid outlet temperature as the radiation intensity increases.

Figure 5.11 shows the variation in the efficiency of the solar collector. The
efficiency of the collector is a very important parameter as it is a direct indicator of
the performance of a particular collector. Generally, two types of efficiencies are
defined for solar collectors – optical efficiency and thermal efficiency. Optical
efficiency is defined as the ratio of the rate of energy absorbed by the collector to
the rate of energy incident on the top plane of the collector. Optical efficiency can
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theoretically be equal to one provided there are not transmission losses from the
glass cover and no reflection losses from the collector [16]. Thermal efficiency is
defined as the rate of thermal gain by the fluid to the rate of energy incident on the
top plane of the collector. The factors which lead to lowering of thermal efficiency
are primarily the losses from the collector – optical losses (reflection and trans-
mission), convective and conduction losses, and finally the radiative emission
losses from the collector.

The efficiency of the solar collector has been plotted as a function of particle
volume fraction and is shown in Figure 5.11. Two types of efficiencies are shown
in the figure. First, the optical efficiency and, second, the thermal efficiency have
been shown. The value of thermal efficiency is lower than that of the optical effi-
ciency, as it takes into account the various losses such as convective and radiative
losses. As can be seen from the figure, the particle volume fraction has a large
impact on the overall efficiency of the solar collector. At low values of particle
volume fraction, the efficiency is low as not all the radiative intensity is absorbed
by the collector. When the particle volume fraction increases larger portion of
radiative intensity is absorbed by the fluid, and hence the overall efficiency is high.
In the present configuration, the upper limit of nanoparticle volume fraction is 0.09
per cent. After this value the effect of adding more nanoparticles is not observable.
This limiting value of particle volume fraction depends on couple of factors such as –
optical properties of the nanoparticle, size of nanoparticle, optical depth of the
collector.

Figure 5.12 shows the variation in efficiency as a function of radiation inten-
sity. Three curves are shown which are at different volume fractions. The efficiency
shows a slight increase with radiation intensity. The highest efficiency was
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observed for the highest volume fraction, and the lowest efficiency was observed
for pure water (base fluid).

As can be seen in Figure 5.13, the thermal efficiency of the solar collector is
plotted as a function of the mass flow rate. These curves show the effect of adding
the nanoparticles on the overall performance of the solar collector.
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As can be seen in the figure, the thermal efficiency of the collector increases
with the mass flow rate (keeping all other operational parameters the same). As the
solar irradiation amount is held constant across each case, once the mass flow rate
of the collector increases (due to increase in demand) the outlet temperature of the
collector sees a corresponding drop in the temperature. And once the outlet tem-
perature reduces the effective temperature difference between the collector and the
ambient experiences a drop as well. This leads to lowering of the overall losses
from the collector and as a result, the efficiency of the collector increases.

Moreover, the influence of the nanoparticles is also clearly visible in this
graph. As the amount of nanoparticles increases in the solar collector (from the
lowest value of fv ¼ 0.01 per cent, to a medium value of fv ¼ 0.05 per cent, to the
highest value of fv ¼ 0.1 per cent), the efficiency of the collector increases. This is
primarily due to an increase in the absorption caused by the nanoparticles present in
the collectors.

This figure shows that volumetric absorption-based solar collectors (using
nanofluids) can provide high efficiencies during operation and are quite suitable for
meeting the requirements of the community. The overall size of the collector has
been easily evaluated by knowing the typical requirements of the community, as
well as by knowing the seasonal solar irradiation data for that particular location
(mainly dependent on latitude, longitude and the climatic conditions).

In this numerical analysis, very low volume fractions of the nanoparticles have
been considered which are dispersed in water. In order to analysis the effect of
volume fraction on the viscosity of water, Einstein model has been considered
which can be applied for dilute suspension. The Einstein model is represented by
the following equation:

mnf ¼ mbf 1 þ 2:5fð Þ; (5.5)
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where mnf is the viscosity of nanofluid, mbf is the viscosity of base fluid (1 cP) and f
is the volume fraction. Equation (5.5) shows that there has an increase in viscosity
of nanofluid but this increase of viscosity is not very high. With such low-volume
fraction, the viscosity of the nanofluid is near to the viscosity of base fluid and as
shown in Figure 5.14. Further, Said et al. [20] have concluded that there is no
significant effect on pumping power with low-volume fraction of nanoparticles.

5.5 Summary

In summary, this chapter discusses the various options available for harnessing
STE, mainly for water heating, at a community level. First, the conventional solar
collectors are discussed – FPCs (for low-temperature applications) and PTC (for
medium-to-high-temperature applications). Subsequently, the basic setup of the
novel volumetric absorption-based solar collector (using nanofluids) is discussed.
Several of the operational parameters which influence its performance are then
discussed in detail.

It is found that nanoparticle volume fraction ( fv) is one of the most important
parameters which influence the performance of the collector. As these nano-
particles interact directly with the sunlight (absorption and scattering), a sufficient
amount of these particles must be present in the fluid to ensure adequate tem-
perature rise takes place. Some practical problems are also associated with the
volume fraction of the nanoparticles like as the nanoparticles volume fraction has
been increased, the volumetric absorption system will closely resemble the solar
selective plate system because the penetration depth of the incident light decreases.
Due to shorter penetration depth, the heat release will be localized to the top of the
receiver, where most of the losses occur, which will result to low thermal efficiency
of the system. Another challenge with high-volume fraction is agglomeration of the
nanoparticles which will lead to clogging of the pump.

They also affect the overall efficiency of the collector. Other design parameters
studied are the geometry of the collector (height, H and length, L), mass flow rate
of the fluid, and the outlet temperature.

It is concluded that such collectors are quite suitable for meeting the require-
ments of the community, and can be suitably sized depending on the requirements
of the community as well as the availability of solar resources in that particular
location.
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Chapter 6

Solar–water desalination for small communities

Fahad Ameen1, Jacqueline A. Stagner1 and
David S-K. Ting1

Abstract

The use of solar–water desalination is one of the most promising and environment
friendly means to meet the ever-increasing demand of fresh water in freshwater-
scarce communities. Unfortunately, desalination of water is a highly energy-
intensive process. Nonetheless, direct solar–water desalination is simple in design,
low in cost, and can easily support the daily use of communities. This chapter
describes various types of solar–water desalination with a focus on technologies
that are suitable for small communities and remote areas. Mathematical modeling
of direct solar–water desalination based on convective, radiative, and evaporative
heat transfer has been provided. A case study from Pasni, District Gwadar, Balo-
chistan of Pakistan involving design, fabrication, and cost is included to give an
overview of the practical operation of technology.

6.1 Introduction

Despite advancements toward the Millennium Development Goals (MDGs), in
2015, the United Nations reported that 10 percent of the worldwide populace
(approximately 663 million people) still use polluted drinking water sources,
including unprotected wells, springs, and surface water [1]. It is likely that many
hundreds of millions more will need feasible access to safe drinking water. Not-
withstanding when municipally treated water is accessible in urban zones, access is
regularly confined via proprietors who place locks on standpipes and charge
occupants an expense for access to it [2].

Figure 6.1 shows the total renewable water resources (cubic meters per capita
per year) in countries around the world. There are many ways to measure the levels
of water scarcity and water stress in a country. Per capita renewable water per year
is the best-known indicator to measure the water stress in a country [3]. If the

1Turbulence and Energy Laboratory, Department of Mechanical, Automotive & Materials Engineering,
University of Windsor, Canada
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renewable water supplies drop below 1,700 m3 per capita per year, the nation is
under continuous water stress. People face high water scarcity when the per capita
per year renewable water supply drops below 1,000 m3. Absolute scarcity occurs
below 500 m3 per capita per year renewable water supply in a country [3].

Figure 6.2 shows the percentage of renewable water drawn in each country of
the world. In order to show the relationship between demand and supply, MDG
considers the level of human demand on the water [3]. The demand involves the
usage of water through agriculture, industry, and municipalities. The stress on the

No data 500 500–1,000 1,000–1,700 1,700–5,000 >5,000 m3/year

Figure 6.1 Total renewable water resources (cubic meters per capita per year),
2014 [3]

No data <10% 10%–25% 25%–60% 60%–75% >75%

Figure 6.2 Percentage of renewable water resources withdrawn worldwide [3]
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supply system increases as the usage of water increases, making it difficult to meet
the increasing demand for water.

The comparison of Figures 6.1 and 6.2 shows that South America, North
America, Russia, and Australia have the most water resources ranging above
5,000 m3/year, but the water withdrawn is also the least in these areas with the
exception of few parts of North America. It also shows that even though the Middle
East and North Africa has least amount of water resources, they are withdrawing
the most water through renewable resources in the world.

The weight of waterborne infection falls excessively on groups in the
developing world. Appallingly, more than 90 percent of diarrheal cases are
preventable through modifications to the environment, including intercessions to
increase the accessibility of clean water [4].

Water purification techniques are used to remove undesired suspended solids,
gases, chemicals, and biological contaminants from water [5]. Often, water is
purified for human consumption and drinking purposes; however, water purifica-
tion is also used for various other purposes such as achieving the requirements of
pharmacological, medical, industrial, and chemical applications [5].

Solar energy is an application of renewable energy. This ‘‘free’’ energy can be
used for the water purification process. Solar desalination is a process that desali-
nates water via the use of solar energy in an environment-friendly way. Through
this process, pure water is separated from pollutants.

The composition of feed water has the most important impact on the efficiency
of solar–water desalination systems [6]. The type of desalination process usually
depends on the amount of salinity in the water. The energy per unit mass for
desalination varies with variations in salinity levels. Saline water may also contain
different amounts of dissolved ions. The number of dissolved ions also varies from
sea water to municipal brackish water [6]. In underdeveloped countries and regions,
the municipal water more often pollutes the drinking water resources. Municipal
water involves the brackish water after washing of laundry, kitchen utilities, etc.

Table 6.1 shows the concentration of ions, in ppm, in sea water and brackish
ground water. These ions are responsible for the quality of water and chemical
properties such as salinity. The lesser the number of undesired ions in the water, the
better will be the quality of water. In Table 6.1, the Massachusetts Institute of
Technology (MIT) values are the reported values of water that is safe for drinking
purposes. Salinity is described as the electrical conductivity of water, and it gives
the measurement of total dissolved solids in the water, typically in ppm or mg kg�1

[5]. Advanced standards measure the salinity of water through electrical measure-
ments, and these measurements vary over the various oceans of the earth [5]. For
water from other sources, a chemical analysis is usually done to see which ions are
present in the water. For example, the rock formation from which the water is
drawn will describe the ions in the ground water.

Sometimes, the concentration of ions is given by reporting the conductivity of
water directly in mS cm�1 [5,7]. Conductivity will be roughly 0.5–3 mS cm�1 for
distilled water and below 100 mS cm�1 for typical drinking water, while sea water
has a conductivity of approximately 54,000 mS cm�1 [5,7].
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6.2 Types of solar–water desalination

Solar desalination techniques have two basic methods, direct and indirect [8]. In the
direct method, the solar collector is coupled with a distillation mechanism and the
desalination process is performed in one simple cycle. The indirect method uses
two different systems, a conventional desalination plant and a solar collection array
which consists of photovoltaic or thermal collectors [8]. Since we are focusing on
small communities, only direct solar–water desalination will be discussed as they
are cost effective and require less maintenance [9].

Figure 6.3 shows the types of solar–water desalination. The direct solar–water
desalination process is categorized into two classes—passive systems and active
systems. Passive systems include single-effect solar stills, greenhouse coupled solar
stills, and multieffect basin stills [9]. Active systems involve flat plate collectors
(FPCs), parallel FPCs, and parabolic solar concentrators.

6.2.1 Direct solar–water desalination systems
Direct solar–water desalination is mostly used for small production systems in
areas where the demand for fresh water is as low as 200 m3 day�1 [8]. The solar
rays are focused through the glass cover. The absorber plate absorbs the Sun’s rays
and heats the brackish water present in the basin. The absorber consists of a thin
absorber sheet (of thermally stable polymers, aluminum, and steel) to which a matte
black or selective coating is applied [8]. The water evaporates from the basin and
condenses on the inner surface of the glass. The condensed water flows down the
inclined surface of the glass cover and is collected by the condensation channel.
This is the oldest method to produce fresh water; however, research is on-going to
improve its efficiency of water production [8].

Table 6.1 Ion concentrations of sea water, high and low salinity brackish water,
and municipal water supply, n.r. ¼ not reported [5]

Substance amount
(mg kg�1)

Standard
sea water

High
brackish
water

Low
brackish
water

Massachusetts water
resources authority

Sodium, Naþ 10,556 1,837 90 30
Magnesium, Mg2þ 1,262 130 11.7 0.8
Calcium, Ca2þ 400 105 96 4.5
Potassium, Kþ 380 85 6.5 0.9
Chloride, Cl� 18,980 2,970 191 21
Sulfate, SO4

2� 2,649 479 159 8
Bicarbonate, HCO3� 140 250 72.6 n.r.
Fluoride, F� 1 1.4 0.2 1
SiO2 1 17 24 3.3

Total dissolved solids 34,369 5,874.4 651 69.5
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6.2.1.1 Single-effect solar stills
A solar still is a very basic device used to convert impure water into pure water fit
for drinking purposes. A solar still replicates the process used by nature to generate
rain, namely, evaporation and then condensation of water.

The most basic type of direct solar–water desalination system is a single-effect
solar still. Figure 6.4 shows the operation of a single-effect solar still in which a

Solar–water
desalination

Direct
desalination

Indirect
desalination

Passive
system

Flat plate
collector

Single effect
solar still

Greenhouse
coupled

Multiple effect
basin still

Parallel flat
plate collector

Parabolic solar
concentrator

Active
system

Multiple
stage flash

Multiple effect
distillation

Reverse
osmosis

Figure 6.3 Flowchart of solar–water desalination systems [8]

Distilled water container

Water basin

Glass cover

Figure 6.4 Schematic of single-effect solar still for desalination [8]
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transparent cover, which can either be glass or sheet, covers the brackish or saline
water basin. The transparent cover focuses the sunlight onto the basin, thereby
increasing the temperature of saline water which results in evaporation. The eva-
porated water then condenses on the inner surface of the transparent cover and is
collected in a water container. The distilled water is of very high quality, as nearly
all the impurities are left behind.

The energy required to evaporate 1 kg of water at 30 �C is 2.4 � 106 J. In the
ideal case, assuming the insulation to be 250 W m�2 for 24-h cycle, this amount of
energy can produce a maximum of 9 L m2 day�1 [9]. In actual cases, however,
there are conduction and convective losses, and the daily water yield drops to
4–5 L m2 day�1.

6.2.1.2 Multieffect basin stills
Multieffect basin stills have two or more basin compartments. Figure 6.5 depicts a
double-effect solar still in which the basin of the upper compartment is the con-
densing surface of the lower basin with every compartment having its own inlet and
outlet. Due to reuse of the latent heat of condensation, multieffect basin stills are
more productive and efficient than single-effect solar stills. The efficiency of
multieffect basin stills is typically around 36 percent, making multieffect basin
stills more efficient than single-basin stills [9]. The main factor that affects the
productivity of the still is the condensing surface temperature. Reducing the tem-
perature of the condensing surface leads to increase in the productivity. The process
of flowing water above the glass cover shows a good effect on the upper basin
distillate output and efficiency [9]. The lower glass surface temperature increases
the circulation of air inside the still and, thus, enhances the convective and eva-
porative heat transfer between basin water and glass [9]. However, this increase in
efficiency comes with an increase in the capital cost.

An analysis was conducted to predict the effect of several basins on the pro-
ductivity of the still as shown in Figure 6.6. The results show that the double-basin
still gives the highest productivity peak [9]. However, the triple and quadruple
basin stills produce appreciable amounts of distilled water during the night, thereby
leading to higher daily productivities. But, providing a basin beyond this does not

Drainage

Solar rays

Brackish water

Insulation
Outlet Inlet

Figure 6.5 Schematic of a double-effect solar still [9]
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have any significant effect on productivity. Double-basin still can yield 36 percent
more distillate than a single-basin still. In addition, it has been shown that pro-
ductivity increases rapidly with increasing insulation thickness [9].

6.2.1.3 Flat plate collector solar stills
An FPC solar still is used where high temperatures are required for boiling of water.
An FPC either works in natural mode or forced circulation mode [8]. The differ-
ence being that in the former, water flows based on density difference, while in the
latter, a pump is used to circulate the water.

6.2.1.4 Flat plate collector in forced circulation mode
An FPC provides more heat energy to the basin than single or double-basin solar
collectors can collect independently, thereby increasing the temperature of the feed
water. In a forced circulation system, a pump is used to circulate the water from the
basin to the plate collector and then back to the basin.

A schematic diagram of an FPC equipped with a pump is shown in Figure 6.7.
The still is attached to an FPC, a pump, and an insulated pipe. The pump is used to
circulate the water while the FPC is used to increase the feed water temperature.

6.2.1.5 Flat plate collector in natural circulation mode
In FPC under natural circulation mode, there is an FPC and an insulated pipe
connected to the solar still. The FPC is used to increase the temperature of the feed
water. FPC under natural circulation mode is similar to Figure 6.7, but there is no
need of a pump to circulate water. Water circulates due to the difference in den-
sities between the water that has been heated by the FPC and the water that has
been cooled by the water in the basin. Advantages of an FPC system in natural
mode over an FPC system in forced circulation mode include the simplicity of its
design, its reliability, reduced maintenance, and, hence, lower cost.

Single-basin solar still equipped with an FPC shows that the efficiency of a
natural circulation system is greater than for a forced circulation system because

Drainage

Solar rays

3rd effect

2nd effect

1st effect

InletOutlet
Insulation

Figure 6.6 Schematic of multibasin, multieffect solar still [9]
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extra energy is required to operate the pump in forced circulation mode [11].
It was also shown that the daily productivity decreases with increasing water depth
for a natural circulation system. The reverse behavior was shown for a forced
circulation system.

Badran and Al-Tahaineh [12] studied the results of coupling a flat pate col-
lector with a solar still in natural circulation mode. The results showed that at a
depth of 2 cm, the maximum yield is achieved. If the water depth increases in the
basin, the water needs more heat to evaporate and it takes more time to distill. So,
with the increase in the water depth of the basin, productivity decreases.

6.3 Mathematical modeling of an inclined solar still

Figure 6.8 shows a schematic of an inclined solar–water desalination still. It con-
sists of an absorber plate and a glass cover which create a cavity. The cavity height,
width, and length are 0.2, 1, and 1 m, respectively. The material of the absorber
plate is galvanized steel and is painted with a black matte [13]. Black wick is the
black cotton or the threads that are often used for the water basin to provide it with
an emissivity as close as 1. Black paint is used as the coating because it can absorb
more heat rather than reflecting or refracting it. Thus, water is heated rapidly. The
absorber plate is insulated to decrease the heat loss from the bottom. The cavity is
covered with a 3-mm glass cover [13].

The glass cover is at an angle of 30� so that the dripping water can run down
the absorber plate [13]. There are studies on the relation of cover angle and the
latitude that shows that optimum cover angle is somewhat equal to the latitude of
the particular region [13]. This angle also ensures that the solar rays are normal to
the surface at most times of the day. The feed water goes into a distribution pipe
which has a 2-mm slot. The feed water then flows into the water basin which is
covered with a black absorber plate. Solar energy heats up the water in the basin.

Solar radiation

Flat plate collector
Insulated pipe

Solar radiation
Condensating

glass cover

Pump

Figure 6.7 Schematic of an active solar still with flat plate collector [10]
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The water evaporates and condenses on the inner surface of the glass cover. The
condensate then runs through the condensation channel and is collected in the water
container [13], as shown in Figure 6.9.

The performance of a solar still can be calculated based on efficiency, pro-
ductivity, and heat-transfer coefficients. Heat-transfer coefficients and distillate
output are directly responsible for the solar still performance. Heat transfer occurs
due to evaporation, convection, and radiation [14].

30°

Distilled
water container

1 m
Absorber plate

Distribution
pipe

Feed water
tank

0.2 m

3-mm glass cover

Figure 6.8 Schematic of inclined solar–water desalination unit [13]

Radiative heat transfer (qrw)

Condensed water

Hot water

Water film or black wick Absorber plate Insulation

Feed water

Glass cover

Convective heat transfer (qcw)
Evaporative heat transfer (qew)

Figure 6.9 Thermal process of the inclined solar still [13]
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6.3.1 Convective heat transfer
Convective heat transfer occurs within the solar still due to the temperature dif-
ference of humid air. It creates a density difference and is influenced by the
buoyancy force. Convective heat transfer is directly proportional to the temperature
difference of humid air. The convective heat transfer (qcw) between the water and
the condensing glass cover is given by [14,15]

qcw ¼ hcw Tw � Tg

� �
(6.1)

where the temperature of the water (Tw) is 28 �C and the temperature of glass (Tg) is
taken as 32 �C for the calculations. Water is not boiling at 32 �C. The temperature
usually goes as high as in the mid-1960s. The calculation is done for 8.00 AM, and
data is entered accordingly. It provides with the simplest calculation of heat
transfer, and as the time changes so do the values of temperature, resulting in more
heat transfer.

qcw ¼ hcw 28 � 32ð Þ
qcw ¼ �4hcw

(6.2)

where convective heat transfer coefficient (hcw) can be calculated as

hcw ¼ 0:8 Tw � Tg

� �þ
�
rw � rg

�
Tg þ 273
� �

268:9 � 103 � rw

" #1=3

(6.3)

where the density of water (rw) is 1,000 kg m�3 and the density of glass (rg) is
2,500 kg m�3, and 268.9 �103 is a dimensionless quantity in the above equation.

hcw ¼ 0:8 28 � 32ð Þ þ 1;000 � 2;500ð Þ 32 þ 273ð Þ
268:9 � 103 � 1;000

� �1=3

hcw ¼ �1:40 W m�2 K�1

So, putting the value of hcw in (6.2), we get

qcw ¼ 5:70 W m�2

6.3.2 Radiative heat transfer
Radiative heat transfer is another factor that influences the formation of pure water.
Radiative heat transfer (qrw) between the water surface and the condensing glass
cover is given by [15,16]

qrw ¼ hrw Tw � Tg

� �
(6.4)

qrw ¼ �4hrw (6.5)
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where radiative heat transfer coefficient (hrw) can be calculated as

hrw ¼ eeffect s Tw þ 273ð Þ2 þ Tg þ 273
� �2

h i
(6.6)

where emissivity of glass (eg) and emissivity of water (ew), and s is Stefan–
Boltzmann constant.

eeffect ¼ 1
eg

þ 1
ew

� 1

� �
(6.7)

where eg ¼ 0.93, ew ¼ 0.96

eeffect ¼ 1:2

s ¼ 23:45 � sin 2 � 3:14
284 þ n

365

� �� �
(6.8)

where n is the number of condensing surfaces.

s ¼ 2:10

Putting the values in (6.6), we get

hrw ¼ 4:50 � 10�6 W m�2 K�1

So, putting the value of (hrw) in (6.5), we get

qrw ¼ �1:80 � 10�5 W m�2

6.3.3 Evaporative heat transfer
When solar radiation falls on the solar still, the temperature of the water increases;
thus, the water evaporates and goes to the vapor phase. The evaporative heat
transfer (qew) is given by [15,16]

qew ¼ hew Tw � Tg

� �
(6.9)

qew ¼ �4hew (6.10)

where evaporative heat transfer coefficient (hew) is calculated as

hew ¼ 16:3 � 10�3 � hcw �
�
rw � rg

�
Tw � Tg

� � (6.11)

hew ¼ 16:3 � 10�3 � �1:4ð Þ � 1;000 � 2;500ð Þ
28 � 32ð Þ

hew ¼ �8:70 W m�2 K�1

So, putting the value of (hew) in (6.10), we get

qew ¼ 34:90 W m�2
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The overall heat transfer coefficient (htw) from the surface of the water to the
condensing glass cover is calculated as

htw ¼ hcw þ hrw þ hew

htw ¼ �10:1 W m�2 K�1 (6.12)

The heat transfer coefficients are responsible for the transportation of pure water in
the vapor form leaving behind impurities in the water basin. They are also respon-
sible for the condensation of pure vapor as distillate [15]. Convection, evaporation,
and radiation are the heat transfer modes from water surface to condensing cover.
The convective and evaporative heat transfers take place simultaneously. The con-
vective heat transfer coefficients depend on the operating temperature range (Tw �
Tg), geometry of the condensing cover, physical properties of the fluids, and flow
characteristics of the fluids [17]. The evaporative heat transfer coefficient depends
strongly on the temperature, and it is advisable to use the waste hot water either in
higher temperature or during off-sunshine hours. The water at high temperature in
the solar basin helps it to evaporate quickly. The radiative heat transfer coefficient is
dependent on the material of the solar still. For this particular reason, the water basin
is usually painted black as black color is the best absorbent of radiation. The main
objective of any solar still is to maximize the evaporative heat transfer coefficient as
it is directly proportional to the productivity and minimize the other energy transfers
in terms of losses from basin, walls, and vapor leakages. The yield is the product of
the evaporative heat transfer coefficient with the temperature difference between the
condensing glass surface and the water basin (Tw � Tg). The increase in radiative
heat transfer increases the temperature of the water basin, causing the temperature
gradient to increase and hence evaporative heat transfer coefficient increases. In the
above-mentioned case, the convective heat transfer (qcw) is 5.70 W m�2, evapora-
tive heat transfer value (qew) is 34.90 W m�2, and radiative heat transfer (qrw) is
�1.80 � 10�5 W m�2. The evaporative heat transfer is far greater than the other two
and has the most significant effect on the yield. The increase in these values results
in the increase of productivity of solar still. Hence, it is essential to know the var-
iation of these coefficients accurately [17].

The above calculations were performed based on the following
assumptions [17]:

● There is no heat loss. The solar still is completely insulated.
● There is no leakage of the vapor. The chamber is leak proof.
● There is no gradient of temperature across the basin water and the glass cover

of the solar still.
● The depth of the water inside the basin is constant.
● The heat capacities are negligible for the glass cover and the absorbing

materials.

6.3.4 Annual cost of water production
The production cost of solar desalinated water per liter has been shown to be
economical in Egyptian and Saudi markets for solar desalination plants. This study
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is applicable with different solar energy and cost characteristics. It is not confined
to one particular region or a country. The payback on the capital costs depends on
the production cost of fresh water. Where SFF is the sinking fund factor, i is the
interest applicable every year (%) which is assumed to be 12.5 percent per year, n is
the number of life years of the plant which is assumed to be 20 years, CRF is the
capital recovery factor, FAC is the fixed yearly cost, S is the salvage value, ASV is
the annual salvage value, P is the present capital cost, AMC is the annual main-
tenance cost (11% of the net present cost), AC is the annual cost, CPL is the cost of
distilled water per liter, and M is the annual yield, then the cost of distilling each
liter of water can be calculated as follows [18]:

SFF ¼ i

1 þ ið Þn � 1
(6.13)

CRF ¼ SFFð Þ � 1 þ ið Þn (6.14)

FAC ¼ P � CRFð Þ (6.15)

S ¼ 0:2 � P (6.16)

ASV ¼ SFFð Þ � S (6.17)

AMC ¼ 0:15 � FAC (6.18)

AC ¼ FAC þ AMC � ASV (6.19)

CPL ¼ AC

M
(6.20)

6.4 Community to study

Pakistan is a developing country situated in South Asia. Pakistan has a total area of
approximately 800,000 km2 and lies in the sunny belt between latitude 24� N and
37� N and longitude 61� E and 75� E [19]. It has a contrasting topography, varying
from the rugged mountainous regions in the north to the plains and fertile lands in
the Indus valley, and arid and barren lands in the south and the west starting from
the Cholistan through the Tharparkar desert in the Sindh. The climate also has
extremes in temperatures, reaching 50 �C in the plains in the summer and below
freezing in the mountains in the winter [19].

Pakistan is blessed with the abundance of sunlight for the most part of the year.
A majority of the country receives 2,600 h of sunshine annually. The maximum
intensity of solar radiation at noon on a clear day, in summer, may reach a value of
nearly 1,000 W m�2. However, during rainy and dusty days when the sky is cloudy,
hazy, and dusty, the amount of solar energy input is low. The total solar radiation
input on a horizontal surface may vary from 1 to 8 kW h m�2 day�1, giving an
annual daily average of 4–5 kW h m�2 day�1.

Gwadar, at latitude 25.09� N and longitude 62.21� E, is a sea port situated in
the south of Pakistan, along the Arabian Sea. It is approximately 90 km to the west
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of the well-known seaport, Pasni. Pasni is a medium-sized town and a seaport in
Gwadar district, Balochistan, Pakistan. Its population is around 33,000 [19]. It is
located on the Makran coast of the Arabian Sea about 450 km from Karachi, shown
in Figure 6.10. This study is for a small village in Gwadar comprising of almost 250
people.

Gwadar being a coastal city area has more than 70 percent humidity through-
out the year, reaching a maximum of 80 percent in the months of July and August.
The presence of humidity in the atmosphere results in a marked decrease in the
intensity of total solar radiation falling over Gwadar. Figure 6.11(a) shows
Gwadar’s mean monthly relative humidity and wind speed, recorded at 03.00 GMT.
The values are taken at 03.00 GMT because this is the starting time of the experi-
mentation. The average monthly wind speed ranges from 2.1 to 0.6 ms�1 which is
the average of wind speed taken over each month of the year in Gwadar. The
minimum and maximum temperatures range from 11 to 35 �C [19]. Figure 6.11(b)
shows the approximate daily mean of total solar radiation that falls on Gwadar,
ranging from 350 to 600 cal cm�2 day�1.

The estimated value of solar radiation is encouraging from an application point
of view. The prospect of solar energy utilization is bright for Gwadar as the solar
radiation received at this station is well above 300 cal cm�2 day�1. In winter
months, the sky is mostly clear and the amount of direct sunshine is high. The
percentage of direct radiation can reach a maximum of 80–90 percent. Hence, the
utility factor, both in summer and winter, is very optimistic [19].

A desalination unit with a capacity of 23 m3 day�1 covering an area of
8,026 m2 was installed at Gwadar, Pakistan and its performance was studied. The
solar desalination plant consisted of three sections:

1. Pumping station
2. Solar still
3. Reservoir for the collection of desalinated water

Figure 6.10 Map of Gwadar, Pakistan [19]
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Figure 6.11 (a) Mean monthly relative humidity and wind speed at Pasni
station, 90 km east of Gwadar at 03.00 GMT and (b) mean
monthly solar radiation (direct and diffuse) falling at Gwadar area
at 03.00 GMT [19]
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The solar desalination plant consisted of 240 solar stills—arranged in 4 rows
each containing 60 stills of size 24 � 1.3 m. These stills are single-effect style.
The glass used was 3 mm thick. The amount of water collected was recorded
at 7.00 AM–7.00 PM [19].

The basin was constructed of sheets of aluminum fitted with a glass cover and
sealed with silicon sealant in order to make it air tight. From the pumping station,
sea water was pumped into the stills. The Sun’s radiation through the glass sheets
evaporated the water. The water vapors condensed on the inner surface of the glass
sheets and the fresh water film on the glass ran into an aluminum channel and was
collected in the fresh water reservoir. The costs associated with this plant were [19]

● Cost of the plant ¼ 95,000 USD
● Life of the plant ¼ 20 years
● Maintenance cost ¼ 1,100 USD
● Total cost of the plant ¼ 96,100 USD
● Cost of the plant per year ¼ 4,805 USD
● Collection of water per year ¼ 8,290 m3 year�1

● Cost of water per m3 ¼ 0.60 USD

The yield of the plant was found to be

● Area of the glass coverage ¼ 8,027 m2

● Desalinated water produced ¼ 23 m3 day�1

● Water produced per m2 ¼ 0.003 m3 m�2 day�1

The production of potable water was 23 m3 day�1 (average). The estimated unit
cost of water is $0.60 USD m�3, which is the least expensive cost in the Gwadar
area. The quality of water is also satisfactory. The desalination plant reported in
this paper is a low cost, simple option for providing water in this region [19]. This
is a viable solution to provide fresh water to water-scarce regions.

6.5 Future outlook of renewable energy in Pakistan

The four key drivers for developing Pakistan’s renewable energy resources include

6.5.1 Energy security
Pakistan’s energy mix can be diversified by mainstreaming of renewable energy
and more use of indigenous resources. It reduces the country dependence on any
single source, particularly imported fossil fuels, thereby mitigating against supply
disruptions and price-fluctuation risk [20]. Renewable energy systems are not
dependent on additional costs and risks relating to fuel stocking, transportation, and
temporary substitute arrangements, except for backup purposes [21,22].

6.5.2 Economic benefits
Renewable energy options can become economically competitive with conven-
tional supplies on a least cost basis. This is particularly true for the more remote
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and underdeveloped areas, where renewable energy can also have the greatest
impact and the avoided costs of conventional energy supplies can be significant
[20,21]. Renewable energy can thus supplement the pool of national energy supply
options in Pakistan. Decentralized renewable energy systems can also help reduce
energy distribution losses and result in system-wide and national efficiency gains
(e.g. as measured by ‘‘energy intensity’’ or energy use per unit of gross domestic
product). As well, growing renewable energy industry can afford new prospects for
employment and business opportunities amongst local manufacturers and service
providers [20,22,23].

6.5.3 Social equity
Pakistan’s current low per-capita consumption of energy can be increased through
greater renewable energy use. Issues relating to social equity, such as equal rights
and access for citizens to modern energy supplies, improved human development
indicators, poverty alleviation amongst deprived sections of society, and reduced
burden on rural women for biomass fuel collection and use can also be addressed
significantly through wide-spreading renewable energy [20]. Renewable energy
can thus help improve the well-being of the country’s poorest, which presently have
little or no access to modern energy services [20,21].

6.5.4 Environmental protection
Clean renewable energy alternatives can circumvent local environment and health
impacts of unsustainable and inefficient traditional biomass fuels and fossil-fuel-
powered electricity generation [21]. Similarly, displaced greenhouse gas emissions
carry significant global climate change benefits, toward which Pakistan has pledged
action under the United Nations framework convention on climate change [20,21].

6.5.5 Future development of renewable energy
The following strategies can help to develop renewable energy sources in the
country.

● Introduce investment-friendly incentives and facilitate the renewable energy
market to attract private-sector interest in renewable energy projects, help
nurture the nascent industry, and gradually lower renewable energy costs and
prices through competition [20].

● Device measures to support the private sector in mobilizing finance and
enabling public-sector investment in promotional, demonstrative, and trend
setting renewable energy projects [20,21].

● Optimize the impact of renewable energy deployment in underdeveloped areas
by integrating energy solutions with the provision of other social infra-
structure, e.g. educational and medical facilities, clean water supply, sanita-
tion, and telecommunication, etc. [20,21].

● Help in broad instructional, technical, and operational capacity building rele-
vant to the renewable energy sector [20–23].
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● Facilitate the establishment of a domestic renewable energy manufacturing
base in the country that can help lower costs, improve service, create
employment, and enhance technical skills [21–24].

Renewable energy sources not only provide stability in the manufacturing price of
technology but are also easily reachable to the remote areas of Pakistan. It reduces
the dependence of Pakistan on fossil fuels and biomass. Renewable sources also
help Pakistan to maintain its pledge with UNO for the limited emission of green-
house gases and play its part in resisting climate change.

6.6 Conclusion

Energy is a necessity for human beings living in the modern era. Solar-energy
technology and its usage are very important for the developing and underdeveloped
countries to sustain their energy demand. The use of solar energy for water desa-
lination is one example of an application of renewable energy. An overview of
solar desalination technologies, along with the theoretical and cost analysis, has
been presented, focusing on those technologies appropriate for use in remote
villages. Solar energy coupled to desalination offers a promising prospect for
covering the fundamental needs of water in remote regions, where water scarcity is
severe. Direct solar stills have become more popular in rural areas. The solar stills
are friendly to the ecosystem and are easy to operate. The seashore of Gwadar,
Pakistan has been studied as a small community with a working direct solar–water
desalination plant of 8,290 m3 year�1. Pakistan is a developing country with
abundant solar energy throughout the year. The study includes the cost analysis for
20 years’ operation of this plant, 0.60 USD m�3. The four key drivers for devel-
oping Pakistan’s renewable energy resources, such as solar–water desalination,
include increasing energy security, economic benefits, social equity, and environ-
mental protection.

In brief, inclined solar stills put together some key features to the solar still
which can be listed as better projection toward the sun, large effective area, simple
design, low cost, longer flow of water, high rate of evaporation, flexibility to
change inclination angle, etc. All these features make an inclined solar still more
effective for small communities, as of now.

Even though solar energy is a clean form of energy, it is still not harnessed to the
full scale of its potential due to the limitation of the efficiency and the high cost of
equipment used for desalination systems. Therefore, there is further need for research
on cost-cutting technologies and the equipment should be economical and consume
less energy with high performance. More research should be done on technologies
like multi-stage flash distillation (MSF), multiple-effect distillation (MED), and
reverse osmosis (RO) so they can be more compact, automated, portable, and easily
mobilized for transportation. Thus, they can be harnessed by small communities like
schools, colleges, and hotels by installing them on the rooftop and playgrounds.

The major desalination technologies, along with their barriers, have been dis-
cussed in depth. The barriers can be overcome by innovative ideas and research
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work. The barriers in any system provide the drivers to continue experimental,
modeling, and simulation research. The collaboration of academic institutions with
industry is essential for transforming innovative ideas into reality and bringing the
finalized product to the market.
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Chapter 7

Community solar PV projects

Avinash Singh1, Paul Henshaw1 and David S-K. Ting1

Abstract

In today’s world, global warming (GW) and the resulting climate change are a
significant threat to humans, plants and animals. The main contributor to GW is
greenhouse gases (GHGs) that are created from the burning of fossil fuels, mainly
for electrical power. Hence, the way forward in safeguarding the future of life on
planet earth is to reduce on our GHG emissions and move rapidly to the utilization
of renewable energy resources that are abundantly available.

There are numerous advantages in implementing renewable energy projects
versus the use of fossil fuels in meeting individual or community energy demands.
With renewable energy, an individual or community will be able to have a more
diverse and stable long-term energy supply, considering fossil fuel resources are
slowly being depleted. Small-scale renewable energy projects, especially in remote
communities which are currently served by diesel-generated electricity, offset the
community’s use of diesel fuel. Although there will be times when renewable
energy is not available and a back-up source of power is required, the long-term
cost of energy may be reduced. And the use of indigenous energy can contribute to
a nation (or region’s) energy security by significantly reducing its dependence on
imported oil (assuming it is not an oil exporter). There are numerous renewable
energy resources available globally (wind, solar, biomass, falling water, geother-
mal) that can be used for individual or community energy projects. Community
energy projects are distinguished from other renewable energy projects in which
members of the community are subscribers who use the electricity produced by the
project, even though each individual does not solely own the equipment.

This chapter presents an overview of how energy captured from the sun can be
utilized at the community level by installing solar photovoltaic systems in the form
of a solar garden or solar farm or solar power plant to generate electrical energy in
meeting some, if not all, of the community total energy demand. In addition,
readers will be exposed to three common ownership models and their benefits,
barriers affecting the adoption of such projects and selected examples of such
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projects that have been completed or are in the conceptualization or construction
phase within North America, Europe, South America and East Africa.

7.1 Introduction

7.1.1 What is a community solar PV project?
A community solar photovoltaic (PV) project is when a set of solar PV panels are
assembled in an identified area that is termed a solar garden or solar farm or solar
power plant and from which homes within the community can receive electricity.
A key feature is that the users of the electricity benefit financially or envir-
onmentally from the choice of renewable electricity generation. Hence, either the
community or a third party owns the PV system and the homes in the community
benefit by tapping into the electricity produced. Thus, the communities can easily
be protected from major electricity outages. For example, if the grid needs to shut
power off due circumstances beyond communities’ control, those communities can
still have electricity, at least partially [1].

With the expansion of this form of renewable energy harvesting, countries
around the world will be able to meet a significant percentage of their electricity
needs and experience possible savings by avoiding the purchase of fossil fuels.
In addition, community solar PV projects contribute to the reduction in greenhouse
gases (GHGs) emission; hence, the project owner can take advantage of the
available carbon financing. Carbon financing is basically financial disbursements
to community solar PV projects in the form of ‘‘entitlement certificates’’ issued by
the United Nations Framework Convention on Climate Change (UNFCCC): one
carbon credit received is equivalent to 1 t of GHGs emission. Under the UNFCCC
charter, any corporation from a developed country can create an agreement with
a corporation in a developing country that is a signatory to the Kyoto Protocol,
in which climate change mitigation measures are documented (e.g. prevent defor-
estation) [2].

7.1.2 Rationale of community solar PV projects
The burning of fossil fuels around the world is the largest anthropogenic con-
tributor to GW and climate change. In addition, the burning of fossil fuels also
results in local air pollution, for example, NOX, CO and ground-level ozone.
Hence, renewable energy projects, such as community solar PV, will yield the
following.

7.1.2.1 Performance guarantee
The investors in a properly engineered community PV project will have a
predictable energy output and costs over a long project life. This is due to solar PV
units that are presently manufactured to perform at 80% of their initial efficiency
for a period of 20–25 years. The investors further benefit from guaranteed price
contracts that extend over the life of the PV system. This contract may be part of a
government mandated feed-in-tariff (FIT) or private power purchase agreement
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(PPA). Investors benefit when the cost of the fossil fuels used to produce the
electricity increases due to changes in world market prices [3].

7.1.2.2 Reduction of greenhouse gas emissions
This would mitigate the temperature rise on planet earth in the future. By mitigating
the temperature increase, issues such as polar ice and glaciers melting, heat-related
illness and the expanding range of pests will stabilize. In addition, through miti-
gation, a reduction in weather-related natural disasters (droughts, floods) is
anticipated, making the habitat for humans, plants and animals safe and more
comfortable [3].

7.1.2.3 Reduction in global air pollution
If solar electricity displaces producing electricity by burning fossil fuels, it will
significantly reduce global air pollution-related diseases, thereby making the
environment healthier for the global population [3].

7.1.2.4 Reduction in foreign exchange deficit
This applies to any country (or region) that currently imports energy carriers to
generate electricity. Sunlight cannot be controlled or monopolized by a single
individual or country as with fossil fuels [3].

7.1.2.5 Increase in electricity security and reliability
Homes and businesses will be able to have an available and reliable source of
electricity to meet part of their demand. On most days there is sunshine and also the
energy from the sun can be stored for future usage. Furthermore, sunlight will
continue to be available for many generations to come, as opposed to fossil fuels,
which are nonrenewable and therefore will be depleted at some point [3].

7.1.2.6 Local control
The local community is able to control and manage community solar PV projects;
hence, the community will be empowered to make decisions on matters such as the
size of the project and siting. In addition, if the project is to be developed by a
sector outside of the community, then forming a community initiative may be
considered as a tool for local control [4].

7.1.2.7 Job creation
The installation of solar PV will provide support to the local solar industry and
create green jobs locally [5].

7.1.2.8 Utilization of prospective sites
Many sites (parking structures, warehouses, landfills, brownfields, etc.) that are not
developed for various reasons, such as regulatory barriers or lack of financial
inputs, are available for community solar PV projects [5].

The main purpose of installing a solar garden/solar farm/solar power plant
within a community is to provide the individuals within that community the
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opportunity to share the benefits listed above, even though they might not be able to
install a solar PV system on their individual property due to constraints, such as

1. Their house roof is too small to install an economically feasible system;
2. The roof is at a wrong orientation or is structurally unable to support a PV

system;
3. The individual is unable to afford a full-roof PV system, making it

uneconomical;
4. The individual does not own his/her own residence;
5. Homes are unable to sell the power to the local utility grid;
6. The individual has already maximized his/her rooftop PV and wants more

benefits.

In short, community solar PV projects are a means of giving individual investors,
homes and businesses, the opportunity to get involved in the vastly expanding clean
energy economy. This opportunity has become available recently as the cost of PV
systems has dropped, utilities have become more accepting of distributed genera-
tion and citizens have become more aware of the environmental benefits of
renewable energy.

7.1.3 Variations in community solar PV projects
The basic concept is that numerous customers share the benefits and costs of a solar
system; however, community solar PV can take various forms. Outlined below are
some of the key variables for community solar PV projects [5].

7.1.3.1 Ownership
Who is responsible for the development and operation of the community solar PV
project? Some of the projects have been developed and owned by private investors
(either for profit or nonprofit) and others by local utility companies or electricity
customers themselves. In addition, such a project could be installed either on the
property of the project owner or on the property of a third party.

7.1.3.2 Participation
What role does the customer play? In some of the projects, the customers are given
the opportunity to have a stake in the project, whilst in other situations, the custo-
mers can only subscribe rather than own. In addition, there are some projects
allowing the customer to purchase a share of the capacity, for example 1 kW, or
share of the output, for example 1,000 kW h.

7.1.3.3 Valuing the solar energy
How is the cost of the energy credited to the participants? In a net metered system,
the energy produced (kW h) is credited to the customers’ energy utility bill: cus-
tomers utilize their own generation from the on-site solar PV system to offset their
energy consumption over a period. This requires meters that normally measure the
flow of electricity to the customer to function in a reverse direction when electricity
is generated in excess of the customer’s demand. In a utility-owned system,
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subscribers pay the utility for the energy produced from the community solar PV
system, and this fee pays for the investment made by the utility. In FIT systems, the
system owner sells electricity to the utility at a fixed rate.

7.1.3.4 Geographic location
The participants in a community solar PV project may be required to be [5]

1. In the same territory of the utility and solar PV installation; or
2. In the same county of the utility and solar PV installation; or even
3. In the same neighborhood of the utility and solar PV installation.

7.1.3.5 Utility compensation
The utilities may receive compensation for the program administration and dis-
tribution of the electricity generated by the community solar PV. Compensation can
either be through a fee that is embedded into the agreement with the developer of
the solar PV project or controlled by a state public utility commission, by either
retaining the charges for the distribution of the electricity generated or, as is often
done in the United States of America (USA), by allowing the utility to receive the
renewable energy credits (RECs) from the project [5].

7.2 Community solar PV models

Physically, all community solar PV projects have some commonalities. Solar PV
panels are mounted where they will be exposed to the daylight, for the greatest
duration possible. Ground-mounting and rooftop mounting are the two main
options. PV panels are connected in series and parallel to increase the voltage and
current from the PV array, respectively. The direct current output from the panels is
converted to alternating current power by an inverter. Inverter sizes range from
microinverters (on each PV panel) to a single inverter for the array (typical for
household rooftop systems) to larger systems with multiple inverters to provide
reliability. The power must be further conditioned to match the voltage and phase at
its tie-in to the grid. In addition, in the installation of community scale solar PV
projects, it may be advantageous but costly to mount the PV panels on a solar
tracker system so as to maximize the harvesting of solar irradiance especially when
the days are shorter. A solar tracker system enables the array to harvest approxi-
mately 40% more of solar irradiance than when fitted in a fix position [6].

Community solar PV projects may be classified as grid/utility sponsored, special
purpose entity sponsored and nonprofit sponsored. However, there are hybrids of
these main models in existence. Below are more details on the main models.

7.2.1 Grid/utility sponsored community solar PV projects
7.2.1.1 What is grid/utility sponsored community solar PV project?
A grid/utility sponsored community solar PV project is when the grid/utility
develops, invests in the solar garden or solar farm or solar power plant and operates
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it and then opens it to utility customers (rate payers) to voluntarily join and
purchase electricity. In addition, the utility customers participate in the project by
contributing an advance or on-going payment to give their support and in exchange,
the customers are given a payment or credit that is proportional to their contribution
and the amount of electricity produced from the community solar PV project.
However, the participating customers do not have any ownership claim to the
PV system in this model: the project is owned by a grid/utility company or a third
party [7].

7.2.1.2 Grid/utility sponsored structure
As can be seen in Figure 7.1, electricity flows from the solar PV system, through
the grid and to the customer (rate payer). The rate payer voluntarily purchases
electricity from the solar PV project and may receive a credit for the amount of
prepaid electricity. In the USA, RECs may be sold to rate payers but more often are
retained by the utility to document their efforts to meet renewable energy genera-
tion quotas.

7.2.1.3 Benefits of grid/utility sponsored model
There are several benefits to executing a solar PV project through a grid or utility.
First, the utility company is considered to have the necessary revenue, legal status
and infrastructure management that are required to successfully develop a com-
munity solar PV project [7]. In some cases, grid/utilities are controlled by the
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Figure 7.1 Generic grid/utility sponsored community solar PV model [7]
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member customers and, hence, can be directed to develop such projects on behalf
of the member customer. It is said that a quarter of the USA population own their
own electricity company either through co-ops, or city or county-owned utilities. In
this case, the customers are arm’s length owners [7]. It has been shown that pub-
licly owned electricity grids/utilities have taken the leadership role in driving
community solar PV. Even if the grid/utility is privately or investor owned, it may
aim to expand its customers’ choices with an option for a renewable source of
energy in the form of solar PV [7]. It should be noted that in some jurisdictions,
only private utilities can make use of any tax credits flowing from the installation
of the solar PV system. Even then, such utilities must normalize the benefits over
the life of the solar PV system.

7.2.2 Special purpose entity (SPE) sponsored
community solar PV

7.2.2.1 What is a special purpose entity sponsored
community solar PV?

A special purpose entity sponsored community solar project occurs when an
investor or a group of investors comes together in a business enterprise to develop
the project and operate it after the construction. In addition, the investor or group of
investors must be able to navigate the legal and financial hurdles and raise the
required capital and at the same time to comply with regulations. Also, it must be
able to negotiate contracts among the participants/owners, site host and utility
(through a PPA), put legal and financial processes in place for the sharing of
the electricity produced and administer the business operations [7]. Baywind was
responsible for setting up the very first special purpose entity sponsored community
model, which was established in the United Kingdom in the later part of the
1990s [4].

7.2.2.2 How does a special purpose entity sponsored
project operate?

The solar garden or solar farm or solar power plant is developed by an investor or a
group of investors, sometimes a cooperative, who supply and install all the mate-
rials required for making the community solar PV project a reality. Rates are then
computed by the investor or investors and offered to residents in the community to
join in and purchase their daily power demand from the project investors. The
electricity generated from the project can either be sold directly by the investor or
group of investors to the residents or fed into the grid/utility. It may be less
expensive to feed the electricity produced into the grid/utility than to sell direct to
the residents because the grid/utility will already have the infrastructure in place for
transmission and distribution instead of having to install new infrastructure [7].

7.2.2.3 Special purpose entity sponsored community
solar PV structure

In this model (Figure 7.2), electricity flows from the solar PV system to the utility
and ultimately to the rate payers (not shown). Electricity can also be used by the
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host to reduce the energy it purchases from the grid (net metering). Part of the
revenue collected by the utility goes to the SPE through a PPA. If the host employs
net metering, then the SPE must have a PPA with the host for the host’s purchase of
power from the solar PV system.

7.2.2.4 Benefits of SPE sponsored community solar PV projects
There are a few additional benefits to a SPE sponsored project. One is that,
although the solar garden or solar farm or solar power plant is owned by the SPE, in
the long term, the system can be sold to the community or host [7]. The other
advantage is that investors who are members of the SPE are more able to capitalize
on tax incentives for solar PV projects, than are utilities [7].

7.2.3 Nonprofit sponsored community solar PV
7.2.3.1 What is a nonprofit sponsored community

solar PV project?
A nonprofit sponsored community solar PV project is when financing for the
development and installation of the project comes from a donor agency, and the PV
system is operated and managed by a nonprofit corporation or body [7].

7.2.3.2 How does a nonprofit sponsored community
solar PV operate?

In a nonprofit sponsored community solar PV project, a nonprofit corporation
or body will provide their ideas and project drawings to potential donors of a

Members
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Utility/
Grid Host

Electrical pow
er

Payment for energy (PPA)

Electrical powerPurchases
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Figure 7.2 Generic special purpose entity sponsored community solar PV
model [7]
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renewable energy resource and in doing so try to solicit funding for the project.
After installation, the PV system is operated by the charitable nonprofit corporation
or body to reduce electricity purchased from the utility or to sell excess electricity
to the utility (Figure 7.3) [7].

7.2.3.3 Nonprofit sponsored community solar PV structure
Electricity from the solar PV system is used by the host to offset its utility costs,
ideally through net metering. Finances come from donors to build the PV system.
The nonprofit host of the system then has a legacy which will reduce or eliminate
its utility costs over the life of the project.

7.2.3.4 Benefits of a nonprofit sponsored community
solar PV model

In the nonprofit sponsored community solar PV model, donors may be able to
receive from their government a tax benefit for contributing to a charitable
organization, in the form of a tax deduction. In addition, the nonprofit host is
largely sheltered from electricity price fluctuations in the future, because it has
its own source of power. In effect, donors pay for an asset, which in the long term
may provide a benefit to the nonprofit body [7].

7.2.4 Comparison of the community solar PV project models
A summary of the features of the three models for community solar PV projects is
presented in Table 7.1. None of the models is superior to the others in all situations,
and the choice of model depends on the intentions, willingness to take risks,
availability of capital and tax appetite of the investors.

Donor
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Utility
/Grid
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Net metering

Grants
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alue of energy
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Figure 7.3 Generic nonprofit sponsored community solar PV model [7]
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7.3 Community solar PV projects implementation barriers

Community solar PV projects face implementation barriers. Below are some
examples:

7.3.1 High acquisition and installation cost
The cost of acquiring of solar panels and installation is considered to be high at
present, but prices are dropping. Early 2016 estimates by NREL put the installed
cost of a 5,600-W PV system at US$2.93 per Watt [8], which is down from
US$7.6/W for a 1,500 W system in 2009 [9].

7.3.2 Space
In setting up a solar garden or solar farm or solar power plant within a com-
munity, sufficient space is needed for the required solar collectors and any future
expansion and developments. An average of 2 ha (0.020 km2) is required
to construct and manage a solar garden/solar farm/solar power plant with a
capacity of 1 MW [9].

Table 7.1 Comparison of the three community solar PV models [7]

Description Community solar PV project models

Utility sponsored Special purpose
entity sponsored

Nonprofit sponsored

System owner Utility company or
3rd party

Members of SPE Nonprofit
organization

System financer Consumers,
government grants,
utility

Members of SPE Nonprofit
organization, using
funds from donors

Host Utility company or
3rd party

3rd party Nonprofit
organization

Subscriber Utility customers
(rate payers)

Members of SPE Donors, usually
members of nonprofit
organization

Motive of
subscriber

Offset own
electricity use

Investment gains
and offset own
electricity use

Charitable

Motive of
owner

Give customers
renewable options,
meet renewable
quotas

Continue electricity
generation or sell
to the host

Continue electricity
generation for the
project life

Example Sacramento
Municipal Utility
District, California,
USA

Agahozo-Shalom
Youth Village,
Rwanda,
East Africa

Kingston,
Timiskaming and
Earlton, Ontario,
Canada
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7.3.3 Investors
In setting up a solar garden or solar farm or solar power plant within a community,
there may not be sufficient investors to contribute to the project, due to security
laws in various countries that are not favorable to attract investors. Hence, indivi-
duals may not have the relevant knowledge or cannot afford to employ the skills to
design, install and operate a project of this magnitude [9].

7.3.4 No grid connection
In setting up a solar garden or solar farm or solar power plant within a community,
grid connection is very important since the grid will already have the infra-
structure in place to distribute the electric energy for utilization by the prospective
beneficiaries of the project. In various countries around the world, the absence of
a grid or the lack of ability to connect a PV system to the grid can be major
obstacles [9].

7.3.5 Lack of government policies
In setting up a solar garden or solar farm or solar power plant within a commu-
nity, having a FIT, PPA or net metering policy is a key factor in making a com-
munity solar PV project a financial success. However, there are plenty of
countries that have great potential in solar energy but do not have any of the
mentioned programs, making it difficult to have community solar PV projects
since investors are not clear on what the future policies will be. Guyana is an
example of a country potentially rich in solar energy, but with no solar programs
or policies in place [9].

7.3.6 Lack of government incentives
In setting up a solar garden or solar farm or solar power plant within a community,
incentives from the government is an important factor for community solar PV
projects to be a success. However, many countries around the world have great
potential in solar energy, but do not have any incentive programs in place, making
the investment payback time longer. Guyana is an example of such a country: with
no incentive programs or policies in place, there is very little investment in solar
energy [10]. In addition, many renewable energy advocates believe that small-scale
privately owned community renewable energy projects, such as community solar
PV, are not strongly incentivized [11].

7.3.7 Complexity issues
Setting up a solar garden or solar farm or solar power plant within a community
can be very complex to many individuals especially when having to make the
technical choices such as sizing the inverter, the amount of PV modules required
and setting the best tilt for the array. In addition, the owner must identify the
right contractor for the job, especially for owners who do not have technical
knowledge [12].
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7.3.8 Customer inertia
In setting up a solar garden or solar farm or solar power plant within a community,
customer inertia may be a factor in deterring investors. For commercial PV sys-
tems, the period from first inquiry to installation is usually over 2 years [12].

7.4 Selected examples of existing/future community
solar PV projects

7.4.1 Ontario, Canada
On May 2, 2016, it was announced by UGE International, through its wholly owned
subsidiary Endura Energy, that it was going to develop, design and construct a
community solar PV Project in Ontario, Canada with a capacity of 6.3 MW. After
the completion of the Project, it will be owned and operated by Canada’s largest
nonprofit sponsored entity, TREC Solar Share Cooperative (No. 1) Incorporated.
Hence, this project follows the special purpose entity sponsored model. The project
consists of a total of 11 sites for which 10 will be ground-mounted facilities and the
other a roof-mounted facility. The project is estimated to give UGE International
revenue of CAD$18 million to $20 million when completed [13].

The electrical energy produced from this project will feed the Ontario grid. The
Green Energy Act was first introduced by the province of Ontario in 2006 and
revised in 2009 and 2010. One component of this Act, the FIT program, was
introduced to encourage and promote the usage of renewable energy resources
(on shore wind, solar PV, landfill gas, biogas, water power and renewable biomass)
in meeting Ontario’s electrical energy demand. The Ontario FIT was North
America’s first wide-ranging price guarantee structure for electrical power pro-
duced from renewable energy sources, offering stable prices under a long-term
contract agreement. Under the FIT program, PV system owners who enter into a
20-year contract to supply electricity to the Ontario grid are guaranteed a fixed
price per kW h depending on when they first applied to the program. The guaran-
teed rate for the electricity produced has decreased in keeping with the decrease
in installed PV system costs (Table 7.2). Eventually, the FIT should reach ‘‘grid
parity,’’ such that the tariff represents the average cost of electricity generated
by all inputs to the grid [14].

Table 7.2 TREC solar share project summary, Ontario, Canada [13]

Site/
Location

Quantity
(no.)

Type of
installation

Generated
capacity (kW)

Total
capacity (kW)

Kingston 2 Ground mounted 600 1,200
Timiskaming 8 Ground mounted 600 4,800
Earlton 1 Roof mounted 300 300
Total capacity (kW) 6,300
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As of April 24, 2017, the Independent Electricity System Operator (IESO) had
completed evaluation stages 1 and 2 for a total of 1,120 FIT applications received
by them during the fifth cycle period of applications, totaling approximately 395
MW of electrical energy from across the province of Ontario. However, after
thorough evaluation by an independent body, a total of 698 applications, which
represent approximately 248 MW of electrical energy, were given the go-ahead to
the testing and connection stage [14]. The program is administered by the IESO,
and it has been split into two streams; PV systems designed to generate 10 kW or
lower are considered in the micro FIT program and projects above 10 kW are
considered to fall under the FIT program [15].

As shown in Table 7.3, when the FIT started in 2009, it only catered to solar PV
installations on roof tops [16]. However, in August 2013, it was modified to include
nonroof top solar PV installations, and this policy is still in use as of January 2017.

7.4.2 California, United States of America
In 2008, the Sacramento Municipal Utility District (SMUD) contracted out its
Community Solar PV Project to a solar developer named enXco. The developer
built, owns and operates the project and the electricity that is produced is then sold
to SMUD. Hence, the electricity produced is fed straight into the grid and SMUD in
turn uses the electricity as the basis for its SolarShares program. In addition, SMUD
purchases 100% of the electrical output energy produced by enXco under a 20-year
PPA. Hence, this is a utility/grid community solar PV model [23].

Customers attached to SMUD are asked to pay a fixed charge monthly, which
is calculated based on the amount of energy they subscribe for that month (ranging
0.5–4 kW) and the mean electricity utilized. In addition, SMUD offers to its cus-
tomers the SolarShares program at less than a normal fixed rate if they can reduce
their electricity usage. The program offered by SMUD is fully booked, and
approximately 700 homes are on the SolarShares program. Now homes wanting to
join the SolarShares program are added to a waiting list and can only join when
current customers decide to opt out from the service [23].

Table 7.3 Feed-in-tariff rates in Ontario, Canada for 50
and 500 kW solar rooftop installations

Date FIT rates (¢/kW h)

50 kW 500 kW

September 2009 71.3 [16] 53.9 [16]
April 2012 54.3 [17] 48.7 [17]
August 2013 34.5 [18] 32.9 [18]
January 2014 34.5 [19] 32.9 [19]
January 2015 34.5 [20] 31.6 [20]
June 2016 24.2 [21] 22.5 [21]
January 2017 22.3 [22] 20.7 [22]
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In June 2015, community solar PV in California, USA was split into three sec-
tions by State Bill 43. The SMUD SolarShares program was the first community
solar PV, which was introduced in California in 2008. SMUD customers were
offered an opportunity to become subscribing members to the program offered at a
fixed fee which was based upon the customer’s energy history and share size [24].
The California Public Utilities Commission approved the state’s investor-owned
utilities (IOUs) for community solar PV in June 2015. The IOU program has two
sections. The first of the two sections allows customers to subscribe from 50% to
100% of the electricity from the projects purchased by the utility under what is
known as the SB43 green tariff shared renewable program. The second of the two
sections gives customers the opportunity to enroll in a SB43 enhanced community
renewable (ECR) program which requires that the customers execute an agreement
(a PPA) with a community solar developer in order to purchase a specified portion of
a local community solar PV project output [24]. Electrical PPAs for ECR programs
are also agreed between the utility and the community solar PV project developer
and are different from the agreement between the customers and a community solar
PV developers. Hence, this is considered a utility/grid sponsored model [24].

In addition, SMUD has in its future plan to increase its solar generating
capacity from 1 to 60 MW. This expansion clearly shows that the demand for the
SolarShares service within the district is increasing rapidly. At the beginning of
2017, SMUD signed a deal with Recurrent Energy, a Canadian Solar subsidiary, to
develop, construct and operate a 60-MW community solar garden, and the elec-
trical energy produced will feed into SMUD with a 20-year PPA. The project is
named ‘‘Tranquility 8 Verde Solar PV’’ and is located in Fresno County, California.
Construction is expected to commence in the later part of 2017, and the installation
is expected to provide electrical energy to approximately 15,000 homes. This
project is the fifth done by Recurrent Energy for SMUD over the years [25]
(Tables 7.4 and 7.5).

Table 7.4 Existing solar shares project summary, California, USA [24]

Site/
Location

Quantity
(no.)

Type of
installation

Generated
capacity (kW)

Total
capacity (kW)

Sacramento 1 Ground mounted 1,000 1,000
Total capacity (kW) 1,000

Table 7.5 Planned solar shares project summary, California, USA [25]

Site/
Location

Quantity
(no.)

Type of
installation

Generated
capacity (kW)

Total
capacity (kW)

Sacramento 1 Ground mounted 60,000 60,000
Total capacity (kW) 60,000
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7.4.3 Guyana, South America
The Government of Guyana has included in its 2017 budget estimate community
solar PV projects at Mabaruma, Bartica, Mahdia and Lethem, which are all remote
communities within Guyana. The projects’ aim is to provide more reliable and
available electricity to the residents of these communities, and the objective is the
reduction of GHG emissions and the importation of fossil fuel. All four locations
will be ground mount PV systems, since land accessibility is in abundance. The
400-kW system in Mabaruma is expected to provide service approximately to
3,000 residents at a cost of Guy$264M or CAD$1.760M, making the cost CAD
$4,400/kW [26].

However, to date, it has not been decided which of the three community solar
PV models Guyana will adopt in managing the four projects. The Government of
Guyana will advertise for expressions of interest for private developers to design
and construct these solar PV projects. The electrical energy that is produced will be
fed into the existing government-owned utility companies who already have
infrastructure in place and then it will be sold to the utility customers. By the time
construction starts, the Government of Guyana will have a program in place to have
the residents involved in contributing to the projects (Table 7.6).

7.4.4 Germany, Europe
In 2016, approximately 7.0% of Germany’s net electric power was derived from
solar PV systems. In addition, the country has been amongst the world’s top
installers of solar PV systems for many years, having a total of 40,782 MW
installed by the end of November 2016. The only country that is presently leading
Germany in solar PV system installation is China [27].

In 2012, Germany had a total of 7.6 GW of solar PV systems installed, which
in 2011 provided 18 TW h of electricity, which was about 3% of the country’s net
electricity use in that year. At noon on May 26, 2012, solar PV systems supplied
40% of the country’s total electricity consumption and 20% for the entire day
(24 h). The federal government of Germany has set a target of having 66 GW of
solar PV systems by the year 2030 [28].

The main contributor in the growth of solar PV systems in Germany is the
introduction of the FIT policy which was introduced by the German Renewable

Table 7.6 Project summary, Guyana, South America [26]

Site/
Location

Quantity
(no.)

Type of
installation

Generated
capacity (kW)

Total
capacity (kW)

Mabaruma 1 Ground mounted 400 400
Lethem 1 Ground mounted 800 800
Mahdia 1 Ground mounted 400 400
Bartica 1 Ground mounted 1,500 1,500
Total capacity (kW) 3,100
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Energy Source Act in 2000 and was modified in 2008, which gives priority for the
utilization of renewable energy sources versus the use of fossil fuels in meeting the
country’s net electric energy demand. The introduction of the German Renewable
Energy Source Act led to a decrease in the cost of solar PV systems by more than
50% since 2006 [29].

According to the solar power industry, a FIT policy is the best practice for the
development of solar PV system projects. It is considered to be the same as a power
procurement agreement; however, it is much more beneficial for investors.
In addition, the FIT policy gives investors price certainty so that the return on their
investment is predictable [29].

An example of community solar PV project in Germany is in the city of
Recklinghausen. In this city, the residents in 2011 decided to exploit the idea of
having solar PV systems installed onto their house roofs for electric energy gen-
eration. The electric energy that is produced from the solar PV systems on the roofs
is fed into the utility for consumption by the grid connected customers. The amount
of electric energy generated per year is approximately 195,000 kW h, which is
sufficient to power approximately 60 homes through the year in Recklinghausen.
In addition, the city of Recklinghausen decided to give its support to the residents
by leasing its building roofs for the installation of solar PV systems which will be
funded by the residents. Hence, citizens of the city were given the opportunity to
make an investment of no less than €500 in this project. The PV systems on the
residents and city rooftops fall under the special purpose entity sponsored model.
The investment cost of the project was €220,000–€260,000 resulting in an initial
cost of €550–€650/kW [30] (Table 7.7).

7.4.5 Rwanda, East Africa
In Rwanda during 2015 and 2016, an 8.5 MW solar garden was constructed at the
Agahozo-Shalom Youth Village which is east of Kigali. This project is considered
to be one of the largest community solar PV systems in East Africa. Upon com-
pletion of the project, it will increase the country’s energy supply by 6% and the
electric energy produced from this solar garden will be fed into a grid/utility and
then distributed to the nation for utilization. The cost of this system works out to
US$2,800/kW [31].

In Rwanda, less than 15% of the population have access to electricity, and out
of that 15%, only 1%–2% are in rural areas. Since 90% of the country’s total
population lives in rural areas, citizens with access to electricity are rare in

Table 7.7 Recklinghausen project summary, Germany, Europe [30]

Site/
Location

Quantity
(no.)

Type of
installation

Generated
capacity (kW)

Total
capacity (kW)

Recklinghausen 1 Roof mounted 400 400
Total capacity (kW) 400
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Rwanda. In addition, due to low accessibility to electricity, the economy is unable
to develop, resulting in major suffering for its citizens [31].

‘‘Funding for the project comes from various agencies such as FMO
(Netherlands Development Finance Company), the London-based EAIF
(Emerging Africa Infrastructure Fund), Norfund (The Norwegian
Investment Fund for Developing Countries), Scatec Solar ASA (equip-
ment provider and operator), KLP (the largest pension fund in Norway),
the United States Government via a ACEF (Africa Clean Energy
Finance) grant, and from Finland’s EEP (Energy and Environment
Partnership)’’ [31].

The project is owned by third-party investors and donors, and the total electric
energy generation output is fed into the grid, through a PPA between the grid and
owners. Electric energy is then supplied to customers connected to the grid/utility
company. So this could be considered a special purpose entity sponsored commu-
nity solar PV project, in that the ‘‘community’’ is a consortium of international
donors [31] (Table 7.8).

7.5 Summary

The type of ownership structure for a community solar PV system depends on
various factors such as the capital available to members of the community who
want to contribute incentives, policies and the regulatory environment in which the
project is planned. The primary difference that exists between a FIT policy and a
tax credit is that a tax credit is borne in the year of installation, while with a FIT, it
is spread out over a period of years, meaning that a tax credit offers to the owner a
reduction on federal or government taxes during the year of installation, whilst the
FIT incentivizes the renewable electricity generation by offering to the investor or
owner of community solar PV projects an agreeable rate for a specified duration for
the electricity sold to the grid (the FIT in Ontario, Canada has a 20-year duration).
In countries such as Denmark and Germany, that the FIT programs are an excellent
method of generating investment in renewable energy generation and it is highly
believed by advocates for renewable energy that this policy can greatly revolutio-
nize community solar PV projects. However, it is observed that costs per kW vary

Table 7.8 Agahozo-Shalom Youth Village project summary, Rwanda, East Africa
[31]

Site/Location Quantity
(no.)

Type of
installation

Generated
capacity (kW)

Total
capacity (kW)

Agahozo-Shalom
Youth Village

1 Ground mounted 8,500 8,500

Total capacity (kW) 8,500
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widely but are linked to factors such as economy of scale, the availability of skilled
labor, project interest rate, type of technology utilize, incentives and cost of
equipment (including shipping) [3,32].

The Rocky Mountain Institute of Colorado, USA has identified three scales of
solar PV installations and list community solar PV projects in the middle category,
which has a range from 0.5 to 5 MW, where all the electrical energy generated is
fed into a utility/grid which is then distributed to paying customers. These scales
are based on ‘‘behind-the-meter’’ capacities. Where solar PV panels are installed
and the electric energy generated is for on-site utilization, that is, the home, busi-
ness building or other commercial facility where the installation is hosted, net
metering allows for the option of connection to the utility/grid [33].

7.6 Recommendations

For community solar PV projects to be successful, the following policies, regula-
tions and funding options are recommended below:

7.6.1 Policies and regulations
1. Develop and implement consistency policies for renewable energy at the

community level. These policies will be used to protect investors from any
major losses on investment, should there be any changes for reasons such as,
and not limited to, the change of government. In addition, more investors will
come onboard, resulting in the growth of community solar PV projects [34].

2. The policies developed by governments for renewable energy, such as com-
munity solar PV, must have consideration for public support. Without such
consideration, it is doubtful that the public will support development of com-
munity renewable energy projects [34].

3. A policy should be developed that will create a supportive and stable regulatory
environment which will take into consideration the social, total economic and
environmental values of community solar PV projects, either by the govern-
ment or energy stakeholders in the country [35]. The intention is to create a
level playing field for all means of electricity generation.

4. Establishing relevant laws that will make way for equitable utility/grid access
and pricing for electrical energy generated from the community solar PV [35].
Access to distribution is obviously a key enabler for these projects.

5. Establishing relevant laws that will give clear guidance on community own-
ership mandates for commercial community solar PV projects. This would
provide clear guidance on what becomes of the project when the PPA or FIT
period expires [35].

6. Establish a policy that will give the option of virtual net metering to the citi-
zens. This should include the case where the citizens own a system that is not
located or installed on their property, such that the energy credits will be
reflected in their utility bill [35].
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7.6.2 Start-up capacity
1. Establish a special fund for citizens who wish to have feasibility studies for

community solar PV performed within their community, either in the form of a
grant or a revolving loan. In some jurisdictions where cooperatives are
responsible for community renewable energy projects, the mission of the co-op
includes providing guidance to other start-up cooperatives [35]. In England, the
community renewables initiative provided expertise and advice to commu-
nities wishing to develop local renewable energy projects [3].

2. Establish legislation that will offer to the developer(s) of community solar PV
a reduction in security payments, making the payments very minimal so that
more developers will consider undertaking community solar PV projects [35].

3. Establish a policy that will give direct support in the form of grants for com-
munity solar PV for the aboriginal or first nation communities so that their
community electrical power capacity will increase. The first people or natives
are those who were the first to occupy the land before the arrival of other
migrants. For example, in Guyana, the first people are called the Amerindians
and their communities are located in remote locations that are very far away
from the utility/grid. Hence, the most feasible method of getting electrical
power to their homes is through solar PV projects [35].

7.6.3 Funding
1. Provide tax holidays for community solar PV developer(s) by putting in place

flexible financial structures [35].
2. Relax the barriers affecting community solar PV by having access to low-cost

debt. For example, in the Province of Nova Scotia, Canada funds are available
through Community Investment Funds (CIFs) and through insured loans.
Community Investment Funds or CIFs are local funds which are contributed by
individual investors within a specific location or community [35]. Similarly,
Development Trusts in England provided financing for community renewable
energy projects [3].

3. Establishing bonds for clean community renewable energy programs such as
community solar PV projects. Hence, the bonds will purchase by investors and
these investors will be provided bank financing at a 0% interest rate such that
the investor only needs to pay the principal borrowed from the bank. This
would motivate investors, which will lead to the growth of community
renewable energy program such as community solar PV [36].

7.7 Conclusion

In conclusion, there are numerous forms of renewable energy available that can be
used to generate electrical energy to satisfy a great amount of our individual,
community and national energy demands. Solar energy shows a great potential for
the future since the sun is available for most of the time throughout the year and
cannot be controlled or monopolized by a single individual or nation.
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Three possible models for community solar PV projects have been presented:
grid/utility sponsored, special purpose entity sponsored and nonprofit entity spon-
sored. However, it is very important to have policies in place that will attract
investors to make community solar PV projects a success. For example, in Ontario
(Canada) and Germany, there is an FIT. This encourages investment in renewable
energy projects such as community solar PV projects. However, in California, USA
investors are incentivized by the investment tax credit, net metering policies and
PPAs (which act like an FIT but the price is not mandated by the government).

Community solar offers an alternative pathway for individuals to access elec-
tricity generated from renewable sources. No single model of community solar PV
ownership works in all situations, but it is important that countries, provinces, states
and cities develop policies that enable investment in community solar PV projects,
in order to prepare for a future in which the overall costs of solar-generated elec-
tricity are less than those of fossil fuel generation.

Abbreviations

AC alternating current

CC climate change

CPUC California Public Utilities Commission

DC direct current

EA East Africa

EAIF Energy Africa Infrastructure Fund

ECR enhanced community renewable

EEP energy and environment partnership

FIT feed-in-tariff

GHG greenhouse gas

GW global warming

GRESA German Renewable Energy Source Act

IESO Independent Electricity System Operator

IOUs investor-owned utilities

PPA power purchase agreement

PV photovoltaic

REC renewable energy credit

RE recurrent energy

ROI return on investment

SA South America

SB43 State Bill 43 (California)

SMUD Sacramento Municipal Utility District

SPE special purpose entity
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USA United States of America

UNFCCC United Nations Framework Convention on Climate Change

VOLT voltage
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Chapter 8

Assessing wind loads for urban
photovoltaic installations

David Kazmirowicz1, Jesse Bridges2, Jonathan Whale1

and David Wood2

Abstract

Rooftop solar photovoltaic installations are becoming common around the world but
knowledge of the wind loads on them is not as advanced. The wind loads are important
as they determine the cost of the structure needed to hold the photovoltaic modules in
place, which can be a significant proportion of the total project cost. This chapter
discusses these wind loads and reviews the few international building codes that cover
them. Wind loads can be estimated from wind tunnel tests on model installations or by
computational fluid dynamics simulations. We show that there are problems with both
methods, due largely to scaling issues for the former and limitations in turbulence
modeling for the latter. Wind tunnel tests show significant scatter in module pressures
but improvements in test methodologies is likely to reduce these in the future. Future
full scale rooftop measurements are also likely to improve our knowledge.

8.1 Introduction

Rooftop solar photovoltaic (PV) installations in urban communities have become
increasingly prevalent in recent years. The reasons for this include:

● rapid urbanisation of the world’s population,
● the advantages of decentralised, clean power competing with the retail price of

conventional electricity,
● uncertainty in grid electricity delivery and
● the rise of affordable batteries.

The worldwide rooftop solar PV market is very large, with California currently hav-
ing over 670,000 PV systems with a combined capacity over 4.5 GW [1]. Singapore is

1Electrical Engineering, Energy and Physics, School of Engineering and Information Technology,
Murdoch University, Australia
2Department of Mechanical and Manufacturing Engineering, University of Calgary, Canada



noteworthy for its high density of rooftop PV, with a number of large capacity sys-
tems, between 1 and 10 MW [2] on the rooftops of 15–25 storey commercial and
industrial buildings. Australia has the highest percentage of residential PV systems in
the world (16.5%) with over 5 GW of installed PV in systems less than 10 kW in rated
power [3]. Over the next 5 years, the greatest growth in rooftop solar PV systems is
expected to be in the Asia-Pacific region, in countries such as China, Japan and India.

Increasing demand for this technology has resulted in efforts to reduce system
complexity and cost. Since 1980, the cost of PV modules1 has decreased at an
average rate of around 10% per year, and this trend is likely to continue in the
coming years [4]. Further decreases in system cost could be achieved by reducing
the complexity and cost of module structural support, but this requires detailed
knowledge of the urban operational environment, specifically the extreme wind
loads. For the Asia-Pacific region, South East Asia and the China Sea are areas
where urban environments are affected by tropical cyclones, and more than 30% of
all tropical typhoons pass through Japan and South East Asia every year. In 2015,
extreme winds due to two typhoons caused damage to 25 MW of PV at 30 sites
across Taiwan, including NTD 30 million damage to a single solar installation in
southern Taiwan [5]. At some sites, modules were observed to have become
detached from their mounting racks due to loosening of clamps.

This chapter concentrates on the structural loads caused by extreme winds on
PV systems. We concentrate on PV systems attached to buildings, which usually
experience the highest wind loads. This chapter is also relevant to building-
mounted PV installations in rural communities.

There are two main categories of urban PV installations. The first is typical of
single houses where a small number of modules are flush-mounted to the roof. This
arrangement often expedites development approval for the project and reduces the
installation cost. The disadvantages can be poor orientation of the modules and
shading, which both lead to lower power output. The second category is larger,
mainly flat roof areas that occur extensively in cities: school and university
buildings, shopping malls and factories are common examples around the world.
These have the potential for much larger installations with the modules installed at
optimum angles of tilt,2 which are usually 5�–10� less than the local latitude for
mid to high latitudes. An important consequence is that, in general, the higher the
tilt, the higher the wind loads. And thus this second arrangement can lead to large
wind loads dominating the design of the supporting structure. Further, it is often
necessary, during installation, to avoid penetration of the roof. This can lead to the
array being held in place by ballast or a complex mounting structure, which can

1 In this chapter, ‘module’ means a PV device, usually solid and made up of 60 or more solar cells. The
term ‘panel’ although widely used as a synonym for ‘module’ is reserved for solar thermal (heating)
devices. Panels may be solid or porous and so can have very different wind loadings to modules. An
array is a collection of modules.
2 In PV installations, the tilt is usually measured from the horizontal in the north:south plane, with the
azimuth relative to east or west. Both angles affect electricity production but have no separate meaning
for wind loads. ‘Tilt’ is used here to denote the single angle of inclination relative to the locally flat, but
not necessarily horizontal, roof.
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limit the number of modules installed. Smaller versions of solar farms are also
possible in urban areas and for community power schemes. In general, ground
mounting of modules is considerably easier than roof mounting, partly because the
wind loading is easier to determine and there is no need for ballast.

A third category of PV installation is becoming increasingly popular but is still
small in total installed capacity. A range of PV technologies can produce power
from windows and other elements of building facades, sometimes in combination
with utilisation of the waste heat – all commercial PV technologies are less than
20% efficient – for building heating and ventilation, e.g. Fortuin et al. [6].

This chapter considers only roof-mounted PV installations, primarily those in
the second category. PV mounting structures can contribute as much as 40% to the
material cost of an installation [4] and, as the costs of PV modules and inverters
fall, will account for an increasing fraction of the overall system cost. Therefore, it
is critical to understand the nature of the wind loads on the second category of
structures in order to optimise system design [2]. This review will show that
understanding the wind loads is not simple. This chapter reviews the calculation of
PV wind loads using appropriate national standards, wind tunnel and site mea-
surements and computational fluid dynamics (CFD). One of the surprising results
of our review and the literature searching for it is the lack of field measurements of
wind loads on PV structures. We could not find any data in the open literature. The
reason is probably that extreme wind loads occur rarely so that a measurement cam-
paign must be very long, especially in comparison to the time over which PV systems
have been installed in large numbers. However, dynamic mechanical loading tests have
been carried out on solar modules by institutes such as the Industrial Technology
Research Institute of Taiwan. These tests attached 16 computer-controlled vacuum
cups to modules that deliver push–pull forces on the module, over a number of cycles,
to simulate the effects of strong winds due to typhoons [7].

In the next section, we discuss the use of the Australian standard for wind loads
as it is one of the few that specifically includes PV installations. The new edition of
the ASCE wind loading standard, ASCE 6-17 [8], covers PV installations using
design loads obtained from wind tunnel tests. It is more thorough and complex than
the Australian standard but uses a similar methodology. In Section 8.3, we consider
some of the more important features of the urban wind environment. Section 8.4
describes features of PV mounting practice. Wind tunnel measurements of PV wind
loads are reviewed in Section 8.5 and the increasingly popular determination of
these loads using CFD is covered in Section 8.6. The conclusions follow.

8.2 Wind loading of PV installations using Australian
Standard 1170.2

Australian Standard AS 1170.2:2011 Structural Design Actions; Part 2: Wind
Actions (hereafter: AS1170.2) [9] is typical of modern wind loading standards and
provides specific information on loads on PV modules. We examine the calculation
of wind loads on the basis of the requirements and recommendations in AS1170.2.
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Characteristics of urban and open terrain wind conditions are investigated, and we
compare mean wind speeds and turbulence levels given in the standard to those
provided elsewhere. The background to AS1170.2 is described in Holmes et al.
[10], and a more general treatment of wind load estimation around the world is
given by Holmes [11].

The procedure described in Clause 2.4 of [9] first requires determination of a
site’s wind speeds for each cardinal direction, Vsit. This value is derived by
obtaining the site regional gust wind speed, VR, from Table 3.1, as given by Aus-
tralian Building Code Board [12]. Values given for VR represent extreme speeds
expected from gales, tropical cyclones and thunderstorm downdrafts. Several
multipliers are then applied to VR to account for effects of wind direction, terrain
and height, downstream shielding and the local topography.

The design wind speed, Vdes, is defined as the maximum value of Vsit, acting on
a structure’s face within a �45� arc from the normal direction. The pressure p
acting on the structure is given by

p ¼ 1
2
rV 2

des;qCfigCdyn (8.1)

where r is the air density, Cfig is the aerodynamic shape factor and Cdyn is the
structure’s dynamic response factor. Cfig is the product of the pressure coefficient,
CP, the net pressure acting on the structure divided by the dynamic pressure
1=2rV 2

des;q, and factors that account for the combined effect of different building
elements and other factors. Determination of p in turn allows calculation of the
wind load on a structure when multiplied by its projected area. Other standards use
very similar procedures, as can be seen in the very useful SEAOCC [13] guidelines
for PV wind load calculations using the US code, ASCE 7-10 [14]. When extreme
wind loads are defined by (8.1) or similar, there are two main ways in which the
wind influences the load: through the design wind speed and the shape factor. This
review concentrates on the latter but the conservativeness of many codes that is
noted in Section 8.4 may arise partly from the definition of the extreme wind
speeds. For example, the Canadian Building code [15] uses a ‘gust effect factor’ of
2.0 to convert specified hourly wind speeds to gust speeds. Analysis of many hours
of wind data from Calgary by Osvaldo [16] suggests that this value of the factor is
too high. In using an equation like (8.1), it is not necessary to measure or collect
any wind data; all figures and information necessary for derivation of wind loads
are provided within the standard. According to Holmes et al. [10], it is likely that
this design data will yield conservative results in comparison to other methods such
as wind tunnel testing. Therefore, scope may exist for further refinement of these
values and the reduction in cost of PV and other structures.

AS 1170.2 accounts for terrain-related wind variations in the determination of
Vdes;q and p. The terrain categories include Category 4: ‘ . . . with numerous large,
high (10 m to 30 m tall) and closely spaced constructions, such as large city centres
and well-developed industrial complexes’ [9]. The normalised wind speed profiles
for differences in terrain roughness are given in Table 4.1 of [9] as gust wind speed
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terrain multipliers, Mz;cat, whose use is demonstrated in Figure 4.1 of [9]. Turbu-
lence intensity profiles for various terrain categories are given in Table 6.1 of [9],
forming inputs for the calculation of Cdyn in 6.1 of [9]. It is clear from these
tables that wind speeds decrease and turbulence intensities increase in built-up
areas relative to those experienced in open areas.

Cheng et al. [17] aimed to construct realistic wind speed and turbulence
intensity profiles for various terrain categories. Field measurements for three dif-
ferent sites and wind tunnel simulations were conducted at a scale of 1:500.
Comparison of field measurements and wind tunnel results showed a close corre-
lation between actual and simulated wind profiles for each location. The results
imply that the assumed distributions of mean wind speed and turbulence in AS
1170.2 were overestimates at all heights, reinforcing the conservativeness of the
standard. We return to this issue in Section 8.3.

8.2.1 PV wind loading
PV modules and solar thermal panels are considered in Appendix D6 of [9] which
is the only national wind loading standard to do so. Here, Cfig values are provided
for pitched roof PV installations, as commonly found on residential houses. Cdyn ¼
1.0 as these structures are not dynamically sensitive, i.e. they are very, but not
perfectly, stiff. PV arrays, whose structures are not explicitly covered in the stan-
dard, can have interesting and complex structural characteristics, e.g. Schellenberg
et al. [18]. However, the applicability of the shape factors in the standard is limited
to modules mounted parallel to sloped roofs of angle a on buildings of aspect ratio
(breadth:height) <0:5. Module installations must have spacing, S, within 50–300
mm from module to rooftop and a distance of at least 2S between the edge of a
module and the edge of the roof, as per Figure 8.1. It is also important to note that
development approval for roof-mounted systems is often predicated on this type of
flush mounting.

Holmes et al. [10] provide the rationale and background for the data presented in
Appendix D6 of [9]. Prior to publication of the standard, information on PV module
wind loading was scarce, often requiring assumptions to be made in the design
process. An example of this is seen in the 2004 design guide presented by the UK
Building Research Establishment, Blackmore [19], which provided a method for

S
α

Figure 8.1 PV module wind loading limitations as per AS 1170.2, Appendix D6
[9]. The module has no tilt, and for small S can be considered to be
mounted flush with the roof
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determining wind forces on roof-mounted solar installations. Due to the lack of PV-
specific information at the time, the pressure coefficients given in the guide were
based on ‘expert judgement and data from other published sources’ [19].

The nature of wind forces on PV modules is briefly discussed in Holmes et al.
[10] regarding the influence of array size, layout and dimensions of the building,
and that due to differences in airflow, aerodynamic pressures on the modules
cannot be derived in the same way as for the underlying roof surface. Given this
level of system complexity, it is likely that design assumptions will lead to con-
servative predictions of the wind loads.

AS 1170.2 used the PV wind loading research that was available: the atmo-
spheric boundary layer (ABL) wind tunnel tests by Wood et al. [20], Stenabaugh
et al. [21] and Ginger et al. [22] were consulted, and the values provided for Cfig in
Appendix D6 of [9] were based on their results. An ABL tunnel is designed to
produce a representative mean wind profile for the ABL such that a scaled model of
the structure is tested at the correct ABL scale. The wind tunnel studies referenced
here investigated the effects of positioning, module height, roof angle, tilt angle and
wind direction on the pressure coefficients, with the goal of providing new or
updated data for codification of design guidelines.

Wood et al. [20] modelled an array parallel to the flat roof of an industrial
building at 1:100 scale, whilst Ginger et al. [22] considered a tilted array on a
similar building at 1:20 scale. All tests were carried out under open terrain wind
profiles. The conclusions of these studies are consistent. The highest wind loads on
the modules were found to be suction (uplift) loads, occurring for modules located
closest to the roof edge normal to the wind direction. Wind loads were found to
increase as the arrays were moved closer to the roof edges for all cases. Stenabaugh
et al. [21] and Ginger et al. [22] found peak suction for wind direction parallel to
the roof ridge for sloped-roof buildings, with both determining that increased
module tilt or roof angle resulted in higher loads. It is apparent that pressure
coefficient results from Ginger et al. [22] provided the majority of Cfig data found
in Appendix D6 of [9]; shape factors given in [9] for roof angles between 5� and
30� are close to those presented in Ginger et al. [22].

Wind loads on tilted modules are not addressed specifically in AS 1170.2. It is
recommended in Holmes et al. [10] that such loads are determined according to the
procedure presented by Ruscheweyh and Windhövel [23]. Here an example wind
tunnel test modelled an industrial building with a tilted, PV array at 1:50 scale for
an open terrain wind profile. They measured peak CP values on modules under
various wind directions, using these figures to derive design pressures and resultant
maximum forces on the modules.

Building-specific characteristics of wind flow in and around PV arrays are
briefly discussed in Holmes et al. [10], concerning the influence of proximity of an
array to the edge of the building, ratio of module size to building height and details
of roof geometry. Due to the possible complexity of array installation, it is claimed
that standardisation of wind loads for such arrays should not be prioritised; rather,
design innovations aimed at reducing the wind loads should be encouraged.
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8.3 The urban wind environment

Urban wind behaviour is complex and has been the subject of various studies.
Reviews by Walker [24], Millward-Hopkins et al. [25] and Emerjeamara et al. [26]
illustrate factors that complicate wind flow in urban areas, including wind sha-
dowing and funnelling between neighbouring buildings, interacting airflows, local
heat sources and the street canyon effect. The latter, according to Marciotto and
Fisch [27], is further impacted by variations in aspect ratio between building height
and street width. Razak et al. [28] argue that a significant factor influencing the
urban wind environment is the ratio between building and ground surface areas for
a particular building array.

While not the main focus of this chapter, it is noted that many studies of urban
wind flow have been conducted for wind energy applications. There is a natural
mutual benefit here: wind turbines require high average wind speeds to be cost-
effective, whereas PV arrays need low speeds. Walker [24] emphasised the diffi-
culty in predicting urban wind flows from a wind energy perspective, as buildings
form a highly turbulent and possibly recirculating surface roughness layer. The
famous Warwick Wind Trials on urban turbines support these findings [29]. Tabrizi
et al. [30] analysed the power spectral density (PSD) of measured wind components
at various heights on the rooftop of a warehouse in a commercial estate. Figure 8.2
shows a comparison between the average PSD, S1( f), for the longitudinal wind
component with values predicted by von Karman and Kaimal spectra models, as
defined by the international wind energy standard IEC61400-2 [31]. The spectral
functions are part of a normal turbulence model that is based on non-intermittent
flow in open terrain and Figure 8.2 shows, for a large part of the spectra, that the
measured wind data from the urban environment contains more turbulent power.
Toja-Silva et al. [32] and Emerjeamara et al. [26] describe the multidirectional
nature of wind flow in areas with high building density, indicating the large local
variations in wind speeds caused by building layout and geometry. Similarly,
Millward-Hopkins et al. [25] state that, due to these factors, wind characteristics
are unique for each individual building. A number of authors have emphasised the
usefulness of multiple strategies for determining wind flow. For example, Karthi-
keya et al. [33] conducted a wind survey for a particular urban renewable energy
installation using a combination of CFD modelling, anemometer measurements and
wind tunnel testing.

8.4 Australian mounting system design practices

Application of the methodology and design values presented in AS 1170.2 was
investigated by a review of design practices used by SunlockTM [34], an Australian
manufacturer of PV module mounting systems. Sunlock’s Rooftop Installation
Manual [35] provides examples of mounting componentry, including support rails,
brackets, clamps and adjustable module tilt legs if needed.
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Sunlock provided the authors with the company’s Residential Framing Cal-
culator, which applies AS 1170.2 to PV mounting systems. This calculator is a
spreadsheet that uses input data in the form of building and array dimensions to
calculate loads based on the regional gust wind speeds and pressure coefficients
given in [9]. Limitations of the standard are apparent in this calculator; for cases in
which the standard is not applicable, such as for tilted module support structures,
assumptions regarding pressure coefficients are made. Discussions with Sunlock
personnel indicated dissatisfaction regarding the applicability of AS 1170.2 to PV
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mounting structures, particularly in regard to urban installations. It is the com-
pany’s belief that AS 1170.2 produces conservative PV module wind loading values
and refinement of these should be possible based on recent wind tunnel test results,
as described in the next section.

8.5 Wind tunnel test methods

The wind tunnel studies informing the design requirements of AS 1170.2 are
representative of early methods of modelling structures at large scales in ABL wind
tunnels, designed to model large buildings at 1:300–1:500 scale. However, scales
much larger than this are required for testing small structures such as PV modules,
in order to suitably instrument them with pressure taps and provide sufficient data
resolution, as per Stenabaugh et al. [21] and Banks [36]. It is stated in Stenabaugh
et al. [21] that the 1:30 scale used by them is not optimal for simulating accurate
wind characteristics, as the model will be exposed to an incorrectly scaled section
of the ABL. This problem is greater for the large scales used in Wood et al. [20]
and Ginger et al. [22]. Therefore, it is probable that the pressure coefficients
presented in the studies and adopted by AS 1170.2 are unrealistic.

Recent studies have addressed wind tunnel scaling issues with specific regard
to simulation of PV modules. Stathopoulos et al. [37] modelled a small roof-
mounted array at 1:200 scale, which is closer to the intended wind tunnel scale
range. To achieve adequate data resolution, multiple modules were combined by
removing gaps between rows and creating more space for pressure tapping.

Banks [36] addressed scaling issues directly, arguing that typical wind tun-
nels are too small to correctly simulate full-scale low frequency turbulence when
large scale solar array models are tested, resulting in a test environment with
insufficient turbulent energy. This is demonstrated in Figure 8.3, illustrating the
discrepancy between full scale and simulated wind characteristics when a 1:40
scale model is tested in a wind tunnel designed for 1:300 scales. The square of the
turbulence intensity, shown by the area under the curve, is too low for the mod-
elled case.

To correct this, Banks [36] argued that it is sufficient to match the high fre-
quency portions of the spectra only. This is because, in many countries, design
wind speeds are given as three second averages, as is the case for the values of VR

provided in AS 1170.2. Therefore, a simulation need only be concerned with three
second events at full scale, shown by the dashed line in Figure 8.3. In the example
provided in Banks [36], this is equal to matching the spectra at a wind gust fre-
quency of 5 Hz and is achieved by reducing the turbulence intensity in the wind
tunnel. If data is required for wind gusts exceeding 3 s, Banks [36] states that this
can be obtained by combining the high frequency spectrum matching process with
quasi-steady analysis, as described in detail by Banks et al. [38]. Aly and
Bitsuamlak [39] confirmed the applicability of high frequency spectrum matching
for PV module wind tunnel modelling. Large scale models of a ground-mounted
PV module were simulated ranging in size from 1:30 to 1:5, matching the 3-s gust
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spectra with full-scale values. The resulting wind loading coefficients were con-
sistent across the modelled range.

In recent years, many wind tunnel tests have been conducted on wind loading
on PV arrays. These studies were typically carried out to provide data in the
absence of specific standards. Given that substantial differences exist from one
installation to another, dictated by factors such as building geometry and orienta-
tion, roof angle and system output requirements, a wide variety of wind tunnel test
configurations are encountered in the literature.

8.5.1 Flat roof experiments
Most studies examined PV arrays on flat roofs of large, low-rise industrial build-
ings. The wind tunnel tests by Radu et al. [40] provided the first measurements of
the module pressure coefficient, CP. These used 1:50 scale building models with
highly tilted PV modules and varying roof coverage, under open terrain wind
characteristics. Module uplift occurred at the highest wind loads, for northerly
winds.3 Modules in the north corners of the buildings experienced the highest
pressures, and central rows of the arrays were lightly loaded due to wind shadowing
by the first windward row.

Several later studies used similar test models to produce data for codification or
comparison with existing wind standards. Both Ginger et al. [22] and Cao et al. [41]

3 Because of the hemisphere dependence of array installation angles, the convention adopted in this
chapter is to consider northerly winds as blowing against the back face of a module, consistent with the
literature and shown in Figure 8.5.
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generated CP data for comparison with Australian and Japanese standards, respec-
tively, by examining both small and large, tilted arrays mounted on large, flat roofs
modelled at 1:20 and 1:50 scale, respectively. Stathopoulos et al. [42] modelled a
tilted array on a small, flat-roofed building at 1:200 scale to provide design guidance
for the National Building Code of Canada. These studies agreed with the findings of
Radu et al. [40] and Ruscheweyh and Windhövel [23] that the largest loads are
experienced by the modules near the building edge facing a northerly wind, and with
Stathopoulos et al. [42] in determining that wind directed at a building’s north
corner is critical. Each study found that a higher module tilt resulted in higher wind
loads. Again, all tests were run under open terrain wind characteristics.

Various wind tunnel tests have examined the effects of altering array geometry
on PV module wind loads on flat roofs. Wood et al. [20] modelled the effects of the
height and inter-row spacing of an array at 1:100 scale. Warsido et al. [43] inves-
tigated the effects of varying the distance of a tilted array from the building edge,
modelled at 1:30 scale. Multiple factors were explored by Stathopoulos et al. [37]
using a 1:200 scale tilted array model, including building height, array position and
module tilt. Results of these tests were in agreement with those above regarding
peak module loading conditions, finding in particular that loading on an array
decreased as it was moved further from a building’s edge. It was found, however,
that varying row spacing and module height above the roof did not have significant
impact on wind loads.

Recent studies have aimed to understand the role of building and solar array
interactions on local wind flow patterns and subsequent module loading in detail.
These effects were modelled by Kopp et al. [44] using a 1:30 scale model of a tilted
module array covering the flat roof of a large building under open wind terrain
conditions. This study described how the critical loads created by northerly corner
winds were caused by flow interactions between building-generated corner vortices
and localised turbulence around the modules. Additionally, it was found that the
southerly wind direction was able to introduce large module loads due to reat-
tachment of the flow separation bubble as shown in Figure 8.4. At the flow

Separation
‘bubble’

Shear layer positions:
High turbulence
Low turbulence

Fluctuating reattachment
pointStagnation point

Figure 8.4 Flow separation and reattachment at the windward side of a building,
Holmes [11]
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reattachment point, the recirculating wind can change direction and blow against
the back of the modules, causing uplift loading.

Pratt and Kopp [45] examined these effects in a further wind tunnel study using
the same modelling and wind flow characteristics. It was shown that building
corner vortices drive critical uplift loads for modules with low tilt angles, whilst
flow reattachment and local turbulence effects introduce large uplifts for high tilt
angles, as shown by the wind flow diagrams in Figure 8.5.

Another unexpected finding from this wind tunnel simulation was that the
presence of a PV array reduced the turbulent kinetic energy, k, above the roof. This
ran counter to the authors’ expectations, as it was thought that any roof-mounted
obstacle should increase turbulence. A CFD simulation by Toja-Silva et al. [32]
produced a reduction in k, which the authors attributed to damping induced by
recirculation vortices forming between array rows (see Figure 8.6). It is noted,
however, that considerable scepticism should be applied to turbulence models for
building flow, as detailed in Section 8.6.

It is evident from these studies that wind loading on flat roof-mounted PV
arrays is determined by complex wind flow interactions, building and module
aerodynamics, wind direction and array geometry and positioning. These effects
are studied by Banks [47] in wind tunnel tests undertaken to develop a standard
approach for calculating solar array wind loads, the results of which have been used
to develop a design guide published by the Structural Engineers Association of
California [13], which has a wealth of useful information for wind load estimation

Vortex induced
flow field

Vortex induced
suction

(a) (b)

(c) (d)

Lower pressureLow pressure

Imaginary parties
on roof surface

Higher pressure

Local reattachment
Lower

pressure
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pressure
Higher

pressureHigher
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Local reattachment

Figure 8.5 PV module uplift flow diagrams for (a) bare roof; (b) 2� module tilt;
(c) 20� module tilt under southerly wind; (d) 20� module tilt under
northerly winds, Pratt and Kopp [45]
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and design. A 10 � 10 array of tilted modules was modelled in nine positions on the
flat roof of a large, square, low-rise industrial style building subjected to an open
terrain wind profile and varying wind directions. The model was created at 1:50
scale, and high frequency spectrum matching was used to provide realistic wind
flow characteristics, as described above.

The findings of Banks [47] emphasise the importance of building-generated
corner vortices in dictating peak wind loads on a solar array. It is claimed that, due
to their dominance, any design method must primarily consider these vortices in the
calculation process. Figure 8.7 illustrates the module uplift pressure contours on
the modelled array, revealing the locations of peak wind loads across the roof in the
darker areas, particularly in part (a) of the figure.

The critical northerly corner wind direction is clearly seen in Figure 8.7, with
secondary critical zones produced by southerly corner winds. Regions of peak
loading are shown propagating inwards from the windward roof corners, corre-
sponding to the path of the building-generated corner vortices travelling over the
array. The dashed black lines indicate the approximate positions of the vortex
cores, whilst the solid lines show the positions of vortex flow reattachment. It is
seen that peak module uplift occurs at the region of vortex reattachment, and that
the highest loads are usually seen by the first windward row of modules. When the
array is positioned at the building edge, the first row sees lesser loads due to its
location within the flow separation bubble.

Wind direction

0.022

U magnitude
1 2 3 4 5

5.08

Figure 8.6 Inter-row recirculation vortices forming in a solar array during a
CFD simulation, Toja-Silva et al. [46]. Wind speed, U, in m/s
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Other significant findings include:

● Southerly winds cause uplift loading for modules located in the windward third
of the roof due to reattachment of the flow separation bubble.

● Highest cornering wind loads are seen by modules located a distance of one
building height from the edge of the roof, corresponding to the reattachment
zone of corner vortices and flow separation bubble.

● The presence of roof parapets can increase peak module loads by up to 30% as
they increase the elevation of corner vortices above roof height, preventing
them from being weakened by the windward edge of the array prior to reat-
tachment. This agrees with the findings of Browne et al. [48].

● Based on the contour diagrams in Figure 8.7, suitable roof zones can be pro-
posed for array positioning.

8.5.2 Sloped roof experiments
Comparatively, few studies have investigated PV module wind loading on sloped
roofs. As previously discussed, Stenabaugh et al. [21] and Ginger et al. [22] derived
Cp values for sloped roof residential buildings for the development of design
standards. Later wind tunnel studies investigated the effects of altering multiple
array and building variables on resultant wind loads on sloped-roof PV module
installations. Aly and Bitsuamlak [49] and Stenabaugh et al. [21] modelled small
arrays mounted parallel to sloped roofs of residential style buildings at 1:15 and
1:20 scale, respectively, under open terrain wind characteristics. Stenabaugh et al.
[21] describes the choice of large model scale as a compromise between obtaining
adequate data resolution and correct ABL scaling, noting a subsequent requirement
for full-scale validation of test results.

0.0

Vortex Ss

Vortex Sw

Vortex Ds

Vortex Dw

(a) (b)

GCN 1.5

Figure 8.7 Pressure coefficient, GCN, contours for a roof-mounted PV array
under wind loading for wind at (a) 50� and (b) 140�. 0� is north,
directly down the page, Banks [47]. The lines labelled ‘Vortex . . . ’
show the trajectory of the vortices formed at the corners of the array
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Results of these tests are mostly consistent, indicating that highest wind loads
occur for modules mounted close to the corners of the roof edge and in the vicinity
of the roof ridge line, with maximum uplift occurring for wind directed parallel to
the ridge. Interestingly, Stenabaugh et al. [21] found that a higher roof pitch (30�

compared to a flat roof) results in slightly higher wind loads. It is evident that
further wind tunnel testing of solar installations on sloped roofs is required to
clarify the complex interaction of roof slope, building geometry, array spacing and
location and orientation.

8.6 CFD simulations

CFD simulations of the wind flow over PV installations offer the prospect of
reducing the cost of determining the wind loads, especially with the increased use
of open-source software, particularly OpenFOAM [50], e.g. Toja-Silva et al. [32].
CFD can also be used for preliminary siting and investigating the effects of pro-
posed building developments on the wind regime of an existing installation.
Finally, CFD can model the deposition of dust on modules, e.g. Lu et al. [51],
which reduces power output, and the convective heat transfer from modules. The
latter is important as PV efficiency decreases with increasing cell temperature. This
research is in its infancy, but some promising work has been done, e.g. Jubayer
et al. [52]. Many areas of engineering use CFD of urban wind flow, and con-
siderable expertise has developed in its implementation, e.g. Blocken [53,54]. It is
often recommended that wind-related studies include both experimental (wind
tunnel) and numerical (CFD) investigations e.g. Blocken [53]. The two methods
have different advantages and drawbacks, which tend to offset each other. The
issues regarding power spectra of the velocity discussed in Section 8.5 are a
potential problem for wind tunnel testing. Further the model scales, typically from
1:200 to 1:500 mean that there can be a large discrepancy in Reynolds numbers.
CFD can, in principle, avoid both these problems but has its own challenges.

Because of the geometric complexity of the urban landscape, most CFD has used
the Reynolds Averaged Navier–Stokes (RANS) equations. It is necessary to model at
least some of the terms in the RANS equations, and the accuracy of these ‘turbulence
models’ is a controlling factor on the overall accuracy of the simulation. The next
level of sophistication is large eddy simulation (LES), which has had limited appli-
cation in urban simulations, e.g. Kono et al. [55], but is demonstrably more accurate
than RANS modelling. To date, LES has been restricted to simple cases such as single
buildings. A good introduction to RANS modelling and LES is given by Durbin and
Reif [56]. Examples of RANS models include those for the production and turbulent
transport terms for k, and the dissipation, e in the well-known k–e model. This model
is probably the most used in wind engineering CFD because of its speed, stability and
general lack of appreciation of its shortcomings. The worst of these shortcomings is
the so-called stagnation point anomaly, as shown in Durbin [57] and Durbin and Reif
[56], whereby k is greatly over-predicted in the stagnation region ahead of a body such
as a rectangular building or a PV module. There is also evidence of an
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under-prediction of k and the mean velocity recovery in the wake region immediately
downstream of the building or PV module, e.g. Mohammed and Wood [58]. These
authors, along with Toja-Silva et al. [46] and Kono et al. [55], compared their
simulations to the measurements of Meng and Hibi [59] of the simulated ABL flow
over a generic rectangular building. Durbin [57] modified the eddy viscosity equation
in the k–e model to reduce the over-prediction of k, but this was found to be not
entirely successful by Mohammed and Wood [58]. Those authors presented another
correction that appears to be more accurate than Durbin’s in the 3D flow of Meng and
Hibi [59] but is inaccurate in 2D stagnation flows.

Very little generic flow study has been done that is relevant to PV modules.
Lasher [60] showed that the k–e model under-predicted the drag coefficient (1.5
instead of 1.98) for a two-dimensional thin flat plate, normal to a uniform flow, and
significantly over-predicted the recirculation length, which is likely to have con-
sequences for the modelling of downwind modules. The effect of aspect ratio, AR,
defined as the span:width ratio, on flat plates has been extensively studied experi-
mentally for uniform flow away from a roof or the ground, e.g. Ortiz et al. [61]. For
sharp edged bodies like PV modules, Reynolds number effects should be of second
order, making AR ¼ 1 the smallest aspect ratio of practical interest. A PV module
has AR ~ 1.6 for which the drag coefficient is about 1.1 when normal to the flow,
suggesting a significantly different flow from high ARs. Dalhqvist [62] compared a
number of RANS models to direct numerical simulations of finite AR flow and
measurements of the drag. She reproduced Lasher’s [60] results and found that
RANS predictions of drag and recirculation length improved as AR decreased. The
reason appears to be the increasing three-dimensionality of the vortex shedding
from the module edges as AR decreases: this improves the accuracy of turbulence
models developed in classical turbulent flows which are all instantaneously three
dimensional. The consideration of generic flows applicable to PV wind loads seems
to be a fruitful area of further basic research to establish the accuracy of various
turbulence models and improve them.

Different module orientations, inclination and azimuth, were studied in the
CFD simulations of Shademan and Hangan [63] using a Reynolds stress model
(RSM) that solves for all Reynolds stresses. In principle, RSM should be more
accurate than simpler models like k–e, but there is a significant computational cost.
They also compared their simulations for a 2D plate at various incidences and
showed a similar, but smaller, under-prediction of the drag than found by Lasher
[60]. The flow over a single PV array was modelled using the k–w turbulence
model by Jubayer and Hangan [64]. Using the same models, Jubayer and Hangan
[65] analysed multi-component arrays. Generally, k–w models handle the stagna-
tion point anomaly better than the k–e model (see Mohammed and Wood [58]) but
do not perform significantly better in predicting the drag for normal flat plates, as
shown in Dalhqvist [62]. Surprisingly, little study has been made of the effects of
turbulence models on simulated urban wind flow or flow over modules and arrays.
They can be significant both for the mean wind speed and the turbulence, e.g.
Mohammed and Wood [66]. This section has shown the limited comparison of
CFD results to laboratory measurements, and none at full-scale.
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8.7 Discussion and analysis

A general goal of wind tunnel tests was to derive Cp values for array wind loading.
As revealed by these studies, maximum wind pressures result in uplift, corre-
sponding to negative net pressures under the commonly adopted sign convention.
Discussions with Sunlock indicated that negative uplift pressures dictate their
system design, with the most common failure of residential installations being pull-
out of the mounting structure roofing screws due to module suction. For this reason,
many studies are concerned with uplift aerodynamics only. The maximum net
uplift pressure coefficients identified in these studies are displayed in Figure 8.8 for
both flat roof and sloped roof models, with model scales shown for comparison.

These results show a wide range of maximum Cp values with no correlation
with model scaling. According to Stathopoulos et al. [42], it is likely that variations
in results between studies are caused by incorrect scaling of the ABL when simu-
lating structures at large scales, as described previously. In addition, there is little
consistency between studies relating to modelling conditions. Typical variations
include building size, array size, module configuration, roof positioning, module
tilt angle, choice of wind simulation standard and inherent differences between
wind tunnels. It is therefore unsurprising that these studies yield differing results.
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Figure 8.8 Net measured Cp values for various wind tunnel tests, corresponding
to maximum module uplift. The maximum value for Cfig presented in
AS 1170.2 is equal to the maximum Cp value given by Ginger et al.
[22] for sloped roof buildings. The model scale is indicated above
each bar
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A need for greater consistency is discussed by Banks [36], arguing that accurate
wind tunnel testing techniques, combined with correct assumptions relating to the
aerodynamics of roof-mounted PV arrays, must be used in order to obtain realistic
results.

Almost all studies modelled wind characteristics according to open terrain
conditions, including those that formed the basis for AS 1170.2 design data. Given
that open areas result in the highest wind speeds, it is expected that this approach
has resulted in conservative wind loads. The exception is the study carried out by
Browne et al. [48] that considered suburban terrain wind conditions, resulting in a
maximum Cp value of �2.15. In contrast to expectations, this is both higher than
the flat roof study average of �1.96 and the maximum uplift value provided in AS
1170.2 of �1.7, again displaying the inconsistencies between studies.

A recent series of proprietary wind tunnel tests by Kostas et al. [67], conducted
with support from Sunlock, investigated the effects of modelling a flat roof-
mounted solar array under suburban wind conditions. Outcomes of this test were
compared to AS 1170.2 to establish if the pressure coefficients given in the standard
provide conservative results for built-up terrain categories. It was found that max-
imum Cp uplift values were reduced by as much as 30% for central portions of the
array when compared to the standard. Values only approached those given in
AS 1170.2 for modules at the corners and windward edges of the array where high
uplift loads are expected, as per [35], indicating the potential for design refinements
under urban wind loads.

The high frequency spectrum matching methodology developed by Banks [36]
represents the best approach for wind tunnel testing of rooftop PV arrays, satisfying
requirements for adequate model sizing and accurate ABL modelling. Using this
technique in conjunction with an urban wind profile would provide the most
accurate indication of rooftop solar array wind loads. The peak pressure coefficient
found in [35] by using this method for open terrain was larger than that of any other
flat-roof study tested using traditional means and, at a value of �2.82, is 66% larger
than the maximum value provided in AS 1170.2. It is therefore possible that any
reductions in design Cp values achieved by altering wind approach characteristics
may be offset by increased loads under accurate wind modelling.

Despite the rigorous testing carried out in [35], the SEAOC guide discusses
limitations for adapting results of any particular wind tunnel test to other building
and array configurations. The reason for this is explained by Kopp and Banks [68]:
‘generalisation of data to account for roof and array zoning cannot be performed
from a single test configuration because of variations in the wind field acting on the
array caused by the building and thus the aerodynamic loads’. Therefore, attempts
to refine design data and eliminate conservative assumptions will require careful
testing of the effects of multiple parameters.

Significant potential for design optimisation exists in relation to module lay-
out. Due to building-specific aerodynamic effects found throughout the surveyed
research, it is vital to include the impact of array positioning in minimising wind
loads. Studies commonly show large Cp reductions by moving an array into a more
favourable location on a roof.
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8.8 Conclusions

This literature review has investigated the suitability of modern code for wind
loading, as exemplified by Australian Standard AS 1170.2, for the estimation of
wind loads for the design of urban rooftop PV mounting structures. These struc-
tures contribute an increasingly significant proportion of the cost of a solar instal-
lation; therefore, it is critical to optimise their design in order to reduce costs and
increase the penetration of solar energy systems.

AS 1170.2 was found to provide limited guidance for design of PV arrays under
wind loads. The studies that formed the basis for module design pressures were
reviewed, indicating the use of potentially inaccurate wind tunnel simulation
methods caused by incorrect modelling of the ABL. Furthermore, these simulations
used open terrain wind characteristics, presenting higher wind speeds than those
expected at urban sites. A common finding was that critical wind loads for arrays
on flat roofs occur for wind directed at a building’s north corner. Such peak loads
are the result of building-generated corner vortices acting on the modules in the
array, and reattachment of the wind flow separation bubble near the edge of the
building. The highest wind loads caused module uplift in all cases. The few pub-
lished studies investigating arrays on sloped roofs revealed peak module uplift
loads for wind directed parallel to the roof ridge line. Highest module loads were
consistently found to occur at array edges. Aerodynamic effects caused by specific
features of each building present difficulties in the generalisation of solar array
wind loading data. However, module loads can be minimised by positioning an
array in a central roof location.

The reviewed studies showed large variations in array wind design pressure
coefficients. It is likely that these differences occurred as a result of incorrect
boundary layer modelling, in conjunction with significant differences in modelling
configurations. Advancements in test methodologies developed by Banks [36]
enable satisfactory testing of large scale models in ABL wind tunnels, as required
for modelling of PV arrays. A standard rooftop solar array wind tunnel test protocol
has also been proposed by Banks [36] in order to eliminate inconsistencies and
assumptions in the system design process. Use of Banks’s methods represent the
most accurate means for estimating wind loads on roof-mounted PV modules via
wind tunnel testing and should be considered for inclusion in future editions of
wind loading standards.

Significant research gaps exist. The few studies found in the literature com-
monly simulated wind loading on such systems using incorrectly scaled ABLs, with
large variations shown in results. To develop an accurate understanding of wind
loading on sloped-roof arrays, future wind tunnel testing should be carried out
using high frequency turbulence spectrum matching to eliminate compromises
between model scaling requirements and wind flow characteristics.

The majority of studies examined in this survey used open terrain wind models
to determine PV module wind loads, likely yielding conservative results. Further,
wind tunnel tests combining high-frequency spectrum matching and urban terrain
wind profiles should be conducted for a variety of both flat-roof and sloped-roof
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solar array installations. Studies should use a standard test protocol to eliminate
inconsistencies between tests in order to develop a realistic database of wind loads
on various solar array configurations.

Stenabaugh et al. [21] have noted the requirement for full-scale validation of
wind tunnel simulations. Studies aimed at measuring solar array wind loads on
existing installations are scarce but would greatly benefit any future effort to
standardise wind loads and optimise design practices.

The situation for computational modelling of wind loads is not significantly better.
The complexity of the urban topography means that simplified turbulence models must
be used for the simulations, and many of these models are known to be inaccurate for the
generic flows that are applicable to PV wind load estimation. Due to the increasing
availability of open-source software, and the need to investigate individual cases,
however, it is likely that simulations will be increasingly used. It is recommended that
the combined use of wind tunnel and computer modelling that has been advocated at
several places in this review be augmented by wind load measurements on actual arrays.
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Chapter 9

Design optimization of multi-energy hubs for
community energy projects*
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Abstract

In this chapter, the authors study the effect of accounting for the hourly emission
factors on the optimal primary energy consumption, natural gas, and electricity, for
a network of energy hubs. Each hub is representative of a part of an urban area such
as a school, residential complex, or hospital, in Ontario. In order to accomplish this,
a mathematical model is developed based on two objectives, reducing the total
annual cost of the system and the greenhouse gas emissions. Different technologies
such as combined heat and power systems, solar photovoltaics, solar-thermal col-
lectors, boilers, and heat and electrical storage systems are considered. Different
scenarios are defined to investigate the effect of energy storage systems and energy
exchange between buildings on the optimal configuration of the system. The results
are compared for different scenarios based on total annual cost, CO2 emission, as well
as natural gas and electricity consumption for constant and hourly emission factors.

9.1 Introduction

In this chapter, the authors examine the use of a network of energy hubs to improve
the energy efficiency and reduce the greenhouse gas emissions of an energy system.
Such a network of hubs, called a Smart Energy System (SES), is a means to meet
energy demands more effectively by integrating multiple resources and technolo-
gies. An SES can connect power sources to end-users through energy conversion
technologies and transmission utilities and from the demand side, through the
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market, operators, and service providers. The effective consumption of energy
sources along with the generation of renewable energy are tied to issues of eco-
nomic growth, climate change, and the energy security. In this analysis, a network
of energy hubs in a region is created to conserve and store energy, and, thereby,
provide a cleaner environment. Moreover, the introduction of distributed combined
heat and power (CHP) systems as a component of an SES can provide an
improvement in energy efficiency through the poly-generation of electricity and
heat. The integrated nature of SES can provide a number of advantages including
greenhouse gases emission reductions, energy demands satisfaction, more efficient
use of fossil fuels, the development of renewable energy technologies, and a
reduction in the need for new energy generation and transmission technology.
These advantages are achieved through the integration of renewable energy to the
grid and the natural gas system, the incorporation of energy storage, and more
efficient use of energy generation technologies to meet a variety of electrical and
heat demands. When hydrogen is used as an energy vector, it is possible to
accommodate industrial demands for hydrogen, for lift trucks or refinery opera-
tions, or future fleets of hydrogen fuel-cell vehicles.

Distributed energy systems provide a new way of meeting the demands of
energy users over a large geographic area compared to central energy systems [1,2].
In central generation systems, power plants are very large and centrally located units
that involve a significant transmission infrastructure. Distributed energy generation
systems are a new and progressive design in which the energy generation units are
close to the consumers. Gradually, in the implementation of a distributed energy
system, small power generation units are replaced by larger ones [2]. In other words,
distributed energy systems can be defined as buildings which can completely supply
their energy requirements for electricity, heat, and cooling [1]. Dunn et al. state that,
in the future, the energy supply chain will be near the consumer’s buildings and
applications [3]. Although these systems enjoy a lot of advantages, the allocation of
power generation technologies amongst various consumers is a competitive chal-
lenge economically, environmentally, and technically [4].

Energy hubs, developed by Geidl et al. [5], are defined as interconnected
energy systems which include energy generation, conversion, and storage systems.
They are interfaces between different energy generation and loads. Considering this
definition, the synergies among different forms of energy represent an opportunity
for system improvement and the use of emerging energy conversion technologies,
including cogeneration systems and fuel cells. Syed et al. [6] develop a simulation
model for the operational study of a fleet of plug-in fuel-cell vehicles and a com-
mercial building based on novel energy hub concept. Moeini-Aghtaie et al. [7]
develop a probabilistic economic dispatch optimization model for the optimal
operation of multi-energy carrier systems. However, the studies cited above do not
consider the use of energy storage systems in the energy hubs.

A mathematical model is developed by Koltsaklis et al. [8] and Bracco et al.
[9] for the design and operation of several buildings, based on the use of CHP
systems. Ashouri et al. develop a framework for the optimal design and operation
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of building services [10], while Wakui et al. develop a mixed integer linear pro-
gramming (MILP) model for the operation of residential complexes by considering
hot water network among the building cogeneration systems by the objective
function is the minimization of the primary energy consumption [11].

In this chapter, the authors build on the previous examinations of energy hubs
[12,13] by studying the effect of hourly emission factors on the optimal primary
energy consumption, both natural gas and electricity, for a network of energy hubs.
The variable hourly emissions factor is determined using published emissions
factors for power generation technologies from the GREET database and produc-
tion values provided by the Independent Electricity System Operator [14,15]. The
operation of the energy hub using a constant emissions factor is also used for
comparative purposes.

9.2 Methodology

The two main objectives of this optimization study are to minimize the total annual
cost and CO2 emissions as illustrate by the following equations:

Z1 ¼
X

s

ðCosts
Cap þ Costs

op þ Costs
fuel � IncomesÞ þ Costpipe (9.1)

Z2 ¼
X

s

X
j

X
h

X
m

CIj � Ps;j;m;h � bj (9.2)

The cost objective comprises of the capital, operational, and maintenance, fuel and
piping cost of all of the hubs existing within the system.

The number of energy conversion and storage technologies installed in the
hubs are multiplied by their rated capacities and unit capital costs to determine the
total capital investment. The total capital investment is then amortized by setting a
project life time and interest rate. The Chemical Engineering Plant Cost Indexes
have been used to update the cost of the individual components from their
respective base year to the year in consideration in this study [13]. The components
of each hub have a fixed and variable operating-and-maintenance (O&M) cost
associated with them. In general, the fixed cost is taken to be as a fraction of the
capital cost, whereas the variable cost includes the operational regime that the
components are subjected to over the course of its lifetime. The term fuel cost
represents the cost incurred in using the different primary energy vectors. The
revenue earned by each energy hub is estimated based on the exchange of surplus
energy between energy hubs. This term is added to the objective function as the
income [12].

Equation (9.3) illustrates the governing energy balance equation associated
with each hub, where Cs;i;j;m;h is a coupling factor denoting either the individual
component efficiencies, or a product of distributed energy system efficiencies. The
balance of energy stored within the hub is given by (9.4) where Ach

s;i and Adis
s;i denote
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charging and discharging efficiencies, while Mstd
s;i;m;h;q denotes the standby losses

associated with a particular energy storage technology.

Ls;i;m;h ¼
X

j

Cs;i;j;m;h

� �
:I:bs;j:Ps;j;m;h �

X
q

ðQch
s;i;m;h;q � Qdis

s;i;m;h;qÞ (9.3)

Ms;i;m;h;q ¼ Ms;i;m;h�1;q þ Ach
s;i;qQch

s;i;m;h;q � Adis
s;i;qQdis

s;i;m;h;q � Mstd
s;i;m;h;q (9.4)

Different constraints regarding the energy flow limit, energy conversion, and sto-
rage technologies are considered based on [13]. Moreover, it is assumed that the
number of operating energy conversion and storage technologies cannot be more
than installed.

The set of equations (9.5a) and (9.5b) show the governing equations employed
for relating the exchange of energy vectors between hubs (Trsk;i;m;h).

Ts;i;m;h ¼
X
k 6¼s

Trsk;i;m;h for i ¼ elec; heat;H2 (9.5a)

Pnetwork
s;j;m;h ¼

X
k 6¼s

Trks;i;m;h:f dksð Þ for i; j ¼ elec; heat;H2 (9.5b)

The term Pnetwork
s;j;m;h shows the transferred energy to other hubs and f ðdksÞ is energy

loss based on the distance [12]. A constraint also considers for the energy flow rate
between energy hubs to be within the upper and lower values.

Different energy conversion technologies including PV, CHP systems are
modelled according to [16].

The proposed mathematical model is carried out in general algebraic model-
ling software (GAMS) based on the MILP approach and solved by CPLEX
solver [17].

9.3 Illustrative case study

The urban area considered for this optimization study is located within the province
of Ontario, Canada. The urban area includes four buildings that can be categorized
into four different groups, namely residential complex (7,765 m2), office building
(1,000 m2), commercial building (75,000 m2), and a restaurant (1,000 m2). Each
building is representative of a hub. The optimization model chooses the number of
energy conversion and storage technologies to be installed within each hub. The
problem selects the number of fixed unit size distributed energy systems as a way to
optimally meet the energy demands throughout the hub network. The schematic of
the hubs comprised within the urban energy system considered in the study and the
energy network links between different hubs has been illustrated in Figure 9.1. The
different energy vectors that are considered to be potential inputs to each hub in this
study include natural gas, electricity (from grid and local solar panels), and thermal
energy (solar). The distance separating the fours hubs from each other has also been
shown in Figure 9.1.
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Tables 9.1 and 9.2 highlight the techno-economic information associated with
the different distributed energy systems including energy conversion and storage
technologies. The type, rated capacity, associated efficiencies, and heat-to-power
ratio of the technologies have been included in the technical information. The
economic information includes the capital and O&M costs of the individual com-
ponents. Energy distribution network costs have also been listed in Table 9.1.
Pipelines will be established for energy hubs exchanging heat between them.
Electricity is proposed to be exchanged by means of the utility grid network.
Energy demands of each individual energy hub are obtained from [12,13]. For the
sake of simplicity in data representation, a sample day from each season is illu-
strated; however, the model is run for each hour of the year.

The O&M cost of technologies are usually mentioned as a percentage of
investment cost ($/kW), while those of some technologies are based on the
operating hours of the technologies. The system fixed O&M cost is the recurring
annual cost that occurs regardless of the size or architecture of the power system.
For some technologies, the O&M cost is based on the hourly value, and it is
multiplied by the operating hours per year to calculate the annual O&M cost.

Electricity is one of the fuels existing within the urban energy system. The time
of use price for electricity used by small-scale users within Ontario is employed in
this study as a cost associated with the purchase of electricity [19]. The cost asso-
ciated with delivering electricity to end users in the form of transmission and dis-
tribution cost has also been used in this study. Transmission cost of electricity is
taken to be 1.21¢/kW h. Natural gas pricing includes commodity price, and also
storage and transportation charges and is taken to be 22¢/m3 for this study [20].

Solar irradiation data for southern Ontario has been used in the modelling
study to assess the feasibility of using solar panels within the energy hubs. In order
to account for incurred emissions while using natural gas and grid electricity, a
natural gas emission factor of 0.187 kg/kW h and an average Ontario electricity
grid emission factor of 0.177 kg/kW h has been used [21,22]. A discount rate of 8%
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Figure 9.1 The schematic view of energy hub network
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Table 9.1 Technical and economic information of the energy hub technologies and network infrastructure information [12,18]

Rated
capacity
(kW)

Heat-to-
power
ratio

Max. number in
each hub

Electrical
eff.

Thermal
eff.

Unit investment
cost ($/kW)

Fixed O&M cost
($/kW year)

Variable O&M
cost ($/kW h)

Boiler 100–530 – 3 – 0.82 100 – 0.027
Micro turbine 30–250 1.45–1.89 3 0.23–0.35 0.38–0.46 2,440–2,970 – 0.013–0.016
Internal

combustion
engines
(ICE)

60–300 1.43–1.81 3 0.26–0.35 0.44–0.56 900–1,200 – 0.0111–0.016

PV 100 – – 0.13 – 3,910 21 –
Solar-thermal

collector
100 – – – 0.35 1,520 1% Cap 0.01

Piping – – – – – 200 ($/m) 4.4% Cap

Table 9.2 Technical and economic information of the storage technologies [18]

Rated
capacity
(kW h)

Max. number
in each hub

Unit investment
cost ($/kW h)

Fixed O&M
cost ($/kW h year)

Variable O&M
cost ($/kW h)

Charging/
discharging eff.

Standby
loss (%/h)

Depth of
charge
(D.OD) %

Heat storage 50–300 1 23 – 0.0015 1/1 0.414
Battery pack 30–50 2 300 2.9 0.9/0.85 80



and a project life time of 20 years are used to amortize the capital cost associated
with the technologies used within the energy hub.

The hourly emission factor of electricity grid for Ontario is shown in
Figure 9.2 [14,15].

9.4 Results and discussion

Using the methodology described in Section 9.2, the performance of the system is
compared across the two scenarios as follows:

Scenario 1: Each building is considered to be as one hub. Energy exchange
between hubs is not allowed. Distributed energy systems (DES) including
different energy conversion and energy storage systems can be installed in
each hub (no interaction/DES/storage).

Scenario 2: In contrast to Scenario 2, the energy exchange between hubs is
allowed (interaction/DES/storage).

Figure 9.3 shows the optimal configuration of each energy hub including the
selection of the technologies and their numbers of both scenarios.

A number of heat and electrical storage systems are selected in Scenario 1. Con-
sidering both DES and energy network in Scenario 4 results in more CHP installation.

In the subsections below, the performance of the SES is discussed for the case
of the variable emissions factor and the constant emissions factor.

In Figure 9.4, the costing of the system, under a constant emissions factor is
given in thousands of dollars per annum. As can be seen in Figure 9.4, the operation
of hub 4 makes up the majority of the costing in each scenario. The CO2 emissions
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are compared for the two scenarios based on the constant and variable emission
factor as shown in Figure 9.4. In Scenario 2, the total annual cost decreases to 6%
compared to Scenario 1. Results shows that considering DES and energy exchange
between hubs can lower the total annual cost of the system (Figure 9.5).

Since the emission factor of the electricity grid is quite low in Ontario, as over
75% of Ontario’s electricity comes from carbon neutral nuclear and hydro power
generation, employing distributed energy systems can potentially increase green-
house gases emissions [23]. The conventional energy systems, where the electricity
is supplied by the grid, have the lowest greenhouse gas emission when compared to
the other scenarios. For example, in Scenario 2 where the exchange of energy is not
restricted, the carbon emissions increase significantly compared to the first
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scenario. Considering the dynamic emission factor can reduce the greenhouse gas
emission of the total systems by 11%–22% for both scenarios, compared to those of
constant emission factor. It means that, in order to precisely calculate the green-
house gas emission for the integrated systems, one should consider the hourly
emission factor, which is rarely considered in the previous literature.

A comparison of the primary energy consumption including electricity and
natural gas in each scenario is provided in Figures 9.6 and 9.7.

The electricity consumption is cut in half when energy exchange is allowed
between the hubs, in Scenario 1 compared with Scenario 2. However, the con-
sumption of natural gas doubles, which indicates that the use of distributed energy
storage decreases electricity consumption but favours the use of natural gas.

Examining Scenario 2, where full interaction occurs between the energy hubs,
in detail it can be seen that energy hubs 1 and 2 meet most of the demand through
the use of the DES, while the heat demand and 10% of the electricity demand of
hub 3 is met by the neighbouring hubs.
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Considering the optimization model by the objective of the minimization of
greenhouse gas emission is shown in Figure 9.8. It can be seen that using the
variable emission factor can reduce the greenhouse gas emission of Scenario 2
to 37%.

9.5 Conclusions

This work presents the application of energy hubs and its network model for the
optimal design of urban energy systems using constant and variable emission fac-
tors. Unique to this research is the effect of a dynamic emission factor on the
optimal design of the integrated systems, which is not considered in the prior lit-
erature. The generic mathematical model is developed in GAMS. The optimal
results show that using dynamic emission factor can reduce the greenhouse gas
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emission of the system. In other words, using the average emission factor may
overestimate the emissions of the integrated energy system. Moreover, comparing
the scenario results demonstrates that considering the energy network between the
energy hubs can reduce the total cost of the systems; however, due to the clean grid
electricity production in Ontario, the CO2 will increase. Furthermore, the electricity
consumption will decrease when considering the network between energy hubs,
while that if natural gas increases due to the use of energy systems such as CHP
systems. The results regarding the minimizing the objective function of CO2

emission show that the greenhouse gas emission decreases around 36% for both
scenarios compared to those of constant emission factor.
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Chapter 10

Battery-based storage for communities

Boyuan Zhu1, Junwei Lu1, Wayne Water1,
Markos Katsanevakis1, Mojtaba Moghimi1,

Domagoj Leskarac1 and Sascha Stegen1

Abstract

Instantaneous load demand variations and fluctuations introduced by renewable energy
sources (RESs) to the system, pose various challenges to the operation of the grid.
Significant support to the grid can be provided by energy storage systems (ESSs)
strategically placed and sized. In the presence of ESSs combined with RESs proximate
to load centres, transmission losses are minimized and grid infrastructure upgrades are
deferred, due to local generation and consumption of electric energy. This is without
the need to transfer energy from remote power plants. Furthermore, ESSs introduce
considerable flexibility to electric energy, which can now be consumed when it is
needed the most (e.g. during the on-peak period). As a result, the loading levels of the
grid components are reduced and the terminal voltages are maintained within the
allowable limits. This chapter presents an in-depth study of battery storage for com-
munities and an analysis of major battery-storage technology and application. This
includes another special form of distributed energy storage – the electric vehicle.

10.1 Introduction

Renewable energy is no longer novel to those involved in the evolution of
power, especially solar power and wind power due to their dramatically increased
penetration. There is still some way to go in the take-up of solar energy as a means of
powering our world. An incredibly large amount of small-scale photovoltaic (PV)
installations in residential or commercial buildings are acting as virtual power sta-
tions, which decentralize power generation against the conventional utility. How-
ever, this introduces the problem of excess energy and unstabilized power, which
affects existing electricity infrastructure. The concept of community energy storage
(CES), as shown in Figure 10.1, has captured the interest of energy suppliers.

1Queensland Micro and Nanotechnology Centre (QMNC), Griffith School of Engineering, Griffith
University, Australia



It operates distributed energy storage systems (DESSs) at end-user homes and
businesses rather than using one or a few large-scale units at the utility side. These
decentralized storages are acting as buffers between intermittent power resources
and the utility grid, which significantly eases the pressure on local transformers.

● CES is a young market but it is being driven quickly by multiple trends: (1) the
increased penetration of intermittent renewable resources in the grid urgently
requires buffer technology to smooth power. (2) The continued advances in
power electronics provide solid technique support. (3) The rapid proliferation
of electric vehicles (EVs) significantly stimulates battery development and
production, which makes battery storage economically viable. Therefore, CES
is believed to provide numerous benefits with many possible combinations.
Such benefits are as follows: it eases the burden on the centralized grid and
increases the overall resilience of the power supply.

● Less transmission and distribution (T&D) equipment is needed for local
demand in new development areas as it provides power locally, which reduces
the need for T&D capacity.

EVBattery

PVBattery
Solar car 
park+EV

PV

Battery

PV

Residential community Commercial community Industrial community

Local transformer +
battery storage

Transmission and distribution 
network

Power station

Substation + battery storage

Central control and 
operation for DESS

Battery

Battery Battery Battery

Battery Battery

Figure 10.1 Concept of community energy storage
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● It extends the life of existing infrastructure by reducing the need to upgrade the
transformer and network to meet local peak demand. The cost of the battery is
more attractive compared to upgrading the grid.

● It serves as a robust, fast-responding and flexible alternative source of power
generation. It can maintain the stability and reliability of the grid to overcome
the integration challenge of renewable energy access.

● Low price energy can be stored during off-peak periods and used when the price
is high. This creates a very economic environment benefiting energy users.

In 2005, American Electric Power (AEP) located a 2-MW system with advanced
sodium–sulphur (NaS) battery storage at a substation as a pilot project to evaluate
the prospects and merits of the CES concept [1]. Unfortunately, the battery didn’t
perform to its stringent standards and the full-scale programme was not resumed.
Eventually around 2009, AEP deployed 80 individual distributed units of smaller
scale systems, with 25 kW rated power and 25–75 kW h batteries, at or near end-
user homes (see Figure 10.2). It aimed to apply CES at small scale of battery
compared to megawatt scale. The specification of the CES was published as an
open-source document for public use and feedback (as a guideline for further
standardization).

Another trial project in 2010, led by DTE Energy, is another example of the
concept of an aggregated CES system in utility territory [2]. There were twenty 25
kW/50 kW h battery-storage systems on local transformers and another 500 kW/
250 kW h integrated to the substation, as shown in Figure 10.3. It demonstrated
CES’s capabilities of voltage/volt-ampere reactive (VAR) support, integration
renewable generation, islanding during power outages and frequency regulation.
The project used secondary EV batteries as storage, which identified an alternative
application for the continuous life of EV type batteries.

Alkimos Beach community in Western Australia is currently leading the lar-
gest community-scale battery-storage project in Australia and will enable Synergy

Community
energy
storage

Transformer

Station

CES CES CES CES

Figure 10.2 American electric power distributed CES [1]
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to be on the leading edge of this technology [3]. The project installs a 300 kW/
1.1 MW h fully contained lithium-ion (Li-ion) ESS connected to the distribution
network, as shown in Figure 10.4.

Sonnen, a German company who takes a step further in smart storage systems,
launched Sonnen Community in 2015 to link all its customers’ solar and storage
devices into a virtual grid (as demonstrated in Figure 10.5). This allows subscribed
members to trade electricity peer to peer and sell excess power into the wholesale
market [4]. This aggregation creates a new economy of electricity trading that
challenges conventional utility modes.

CES raises a new transformation in the form of energy storage that aggregates
a large amount of DESS. However, a new transformation is always accompanied
by challenges. The government policy of renewable energy and market regulation
are barriers to CES development and standardization. Some markets have low-cost
electric power or are dominated by vertically integrated utilities. Selection of the
right battery chemical and deployment of the right capacity size of DESS are key
trade-offs in the economic benefit to users and the cost of the system. The battery
is still not cheap enough, especially when the entire community is considered to go
off-grid. The proliferation of EVs can be considered as alternative storage but
there is high demand for them when rapid charging is conducted. Forecast and
control algorithms are extremely challenging due to the unpredictable nature of
intermittent renewables, various customer behaviours and load patterns, strict
operation logic and conditions to prolong battery life and reliable communication
methods.

500 kW PV panel

500 kW/250 kW h
battery supply

Integration
to substation

DR SOC

Substation

20 Transformers total
In Hager 9420 Circuit

(500 kW)

25 kW/50 kW h
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PV/battery

supply

500 kW residential
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(Distributed resource
system operation centre)
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Figure 10.3 DTE Energy aggregated CES in utility territory [2]
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10.2 Technology of battery storage

Battery storage is one of most significant technologies that change way of using
energy. For a large upfront cost, solar panels can generate ‘free’ electricity but
don’t work at night. Alternatively, off-peak power is much cheaper but only
available in the middle of the night. Battery storage helps the grid to adopt variable
forms of renewable energy and provides more flexible, reliable and efficient energy
to customers. It is fully controllable and fast responding that plays an important role
in maintaining a consistent energy balance within the renewable network by storing
excess of generation and supplying additional energy to loads to compensate the
deficit. A variety of pilot projects by means of different battery-storage technolo-
gies are conducted over the world that demonstrates capability and maturity
throughout grid and community.

Battery technology varies according to different criteria. Table 10.1 introduces
some major concepts that have to be understood before looking into battery storage.

Table 10.1 Major concepts of battery storage

Name Unit Description

Chemistry It refers to the chemistry in a battery operation
Total capacity A h It refers to the total amount of electric charge battery can

deliver at the rated voltage
Usable capacity A h Limited by battery characteristic and operation condition,

not all battery can healthily deliver the full amount of
energy it stores

State of charge % The current state of a battery in use
Depth of discharge % An alternate method to indicate a battery’s state of charge
Charge/discharge rate C Also known as C rate which indicates a rate at which a

battery is charged or discharged relative to its
maximum capacity

Operating temperature �C A temperature range that a battery can provide reasonably
good performance

Nominal voltage V It is measured at the midpoint between fully charged and
fully discharged based on a 0.2 C rate

Operating voltage range V Open-circuit voltages when a battery is fully charged and
fully discharged

Battery management
system

An electronic control system that monitors and controls
the charging and discharging of the battery

Hazards Explosion, fire, leakage, toxic materials, gas emission,
etc.

Self-discharge % Percentage of charge losses when stored at room
temperature

Cycle life Cycle It is the number of complete charge/discharge cycles that
a battery is able to perform before its end of life

Calendar life Year It indicates how long a battery is expected to last in terms
of calendar years

End of life When a battery’s capacity fade under a certain percentage
of its original capacity, typically 80%
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10.2.1 Conventional and advanced lead-acid batteries
Lead-acid (PbAc) battery is the first rechargeable battery for commercial use which
was invented in 1859 and is still in wide use today. The maturity of the conven-
tional PbAc battery is dependable that it makes battery simple to manufacture and
cost per watt-hour is really low. The conventional PbAc battery is good for power-
driven applications, commonly classified into three usages: automotive (starter or
SLI), motive power (traction or deep cycle) and stationary (UPS), due to its high
specific power, capable of high discharge currents and wide range of temperature
performance. However, limitations of chemistry characteristic constrain its appli-
cation in energy fields. This kind of battery has low-specific energy and poor
weight to energy ratio. It has to be charged slowly with correct voltage limits to
avoid buildup of sulphation on the negative plate which robs battery performance.
A full charge normally takes 14–16 h, and the battery must always be stored in full
state-of-charge to prevent sulphation condition. Repeated deep-cycling reduces
battery life. For example, a deep-cycle battery has limited cycle life around 400–
500 cycles by half depth of discharge (DoD) with 50% remaining [5].

It is believed that lead-based technology has significant unused performance
potential that can make the battery viable in the renewable applications by over-
coming the core limitation of utilization of lead. In 2004, The Ultrabattery by
Commonwealth Scientific and Industrial Research Organisation of Australia com-
bined the asymmetric ultracapacitor with the PbAc battery, which provided a fun-
damental structure for advanced lead-carbon (ALC) battery development. Followed
by research and commercialization of Japanese researcher, ALC battery was
applied and tested in the hybrid vehicle in 2008. The ALC solves sulphate accu-
mulation, partial charge and ageing issues by adding carbon into the cathode plate
which significantly improves the performance of charge and discharge, as well as
cycle life. Figure 10.6 illustrates the classic PbAc cell with the lead-negative plate
being replaced with a carbon electrode to benefit from the qualities of a
supercapacitor.

Unlike a regular PbAc battery, ALC battery is capable of eight times faster
charging and three times in discharge power. Its lifecycle increases around six
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Figure 10.6 The classic PbAc develops into an ALC battery [6]

Battery-based storage for communities 205



times up to 2,200 cycles with deep DoD, between 30% and 70%. It inherits the
maturity of manufacture, wide temperature performance and dependence from
PbAc battery that makes it more cost-effective. Today, the ALC is used as a
replacement for the classic starter battery in start–stop applications and in 48 V
micro and mild hybrid systems. Also, it is beginning to be widely used in energy
storage of PV and wind application.

10.2.2 Lithium-ion batteries
Lithium is the lightest metal in catalogue and has the greatest potential that can
provide the largest energy density for weight. Therefore, it is naturally ideal for
energy storage but its inherent instability is standing in the way. The first
rechargeable Li-ion battery was commercialized in 1991 by Sony Corporation.
Li-ion is nonmetallic lithium that has slightly lower energy density than lithium
metal but much safer. The battery has a congenital advantage that it does not have
memory effect that requires scheduled cycling and also very low in self-discharge.
But its overall drawback is also obvious. Li-ion is fragile which needs an extra
circuit to protect the cell from under-discharge and over-charge. Thermal runaway
is still a major concern in the safety aspect. Therefore, manufacturers keep making
rapid improvement in enhancing different chemical combination with Li-ion to
increase battery charge/discharge rate, cycle and calendar life and reduce the
cost which is very important to make the battery economical viable. Current
available types of Li-ion battery in the market are lithium cobalt oxide (LCO),
lithium manganese oxide (LMO), lithium–nickel–manganese cobalt (NMC) oxide,
lithium–iron–phosphate (LFP), lithium–nickel–cobalt–aluminium (NCA) oxide
and lithium titanate (LTO), as compared in Table 10.2.

LCO is the original Li-ion which is average in all characters. It is widely used
in mobile phones, cameras and laptops. An NCA battery is clearly the best in
specific energy but shorter cycle life and less stability. It was widely used in Telsa
electric powertrain for its EVs, produces by Panasonic. An NMC battery generally
has a longer cycle life, more stability and less energy density and less cost than
NCA. In terms of specific power and thermal stability, LMO and LFP are superior.
Thus, NMC and LFP share large partitions in EV and energy storage market
nowadays. LTO is the best in lifespan and safety aspect but low in capacity and
expensive in cost which is main technique obstacle in commercialization.

10.2.3 Sodium–sulphur batteries
A NaS battery is a type of molten-salt battery constructed from liquid sodium (Na)
and sulphur (S). It uses molten salts as an electrolyte and gains conductivity which
operates at a temperature of 250–350 �C. This type of battery has a high-energy
density, high efficiency of charge/discharge and long cycle life and is fabricated
from inexpensive materials. For example, the modern sodium–nickel–chloride
battery is said to have an operating temperature from �40 to 65 �C with a cycle life
of 3,500 at 80% DoD, a level comparable with Li-manganese and Li-phosphate.
It can be deployed to support the electric grid, or for stand-alone renewable power
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Table 10.2 Comparison of different Li-ion batteries

Chemistry Lithium–cobalt oxide Lithium–manganese oxide Lithium–nickel–manganese

Abbreviation LCO LMO NMC

Application Mobile phones, tablets, laptops,
cameras

Power tools, medical devices,
electric powertrains

E-bikes, medical devices, EVs,
Energy storage

Snapshot
Specific
power

Specific
energy

Cost

Life
span

Performance

Safety

Cycle
life

Specific
power

Specific
energy

Cost

Life
span

Performance

Safety

Cycle
life

Specific
power

Specific
energy

Cost

Life
span

Performance

Safety

Cycle
life

Nominal voltage (V) 3.60 3.70 (3.80) 3.60 (3.70)

Full charge (V) 4.20 4.20 4.20 (or higher)

Full discharged (V) 3.00 3.00 3.00

Minimal voltage (V) 2.50 2.50 2.50

Specific energy
(W h/kg)

150–200 100–150 150–220

Charge rate 0.3 C (1 C max) 0.7–1 C (3 C max) 0.3–1 C

Discharge rate 1 C 1 C, 10 C possible 1–2 C

Cycle life 500–1,000 300–700 1,000–2,000

Thermal runaway (�C) 150 (full charge promotes
thermal runaway)

250 (high charge promotes
thermal runaway)

210 (high charge promotes
thermal runaway)

(Continues)



Table 10.2 (Continued)

Chemistry Lithium–iron phosphate Lithium–nickel–cobalt–
aluminium oxide

Lithium titanate

Abbreviation LFP NCA LTO

Typical manufacturer Energy storage, EVs Medical devices, industrial,
electric powertrain (Tesla),
grid storage

UPS, electric powertrain
(Mitsubishi i-MiEV, Honda
Fit EV), grid storage

Snapshot
Specific
power

Specific
energy

Cost

Life
span

Performance

Safety

Cycle
life

Specific
power

Specific
energy

Cost

Life
span

Performance

Safety

Cycle
life

Specific
power

Specific
energy

Cost

Life
span

Performance

Safety

Cycle
life

Nominal voltage (V) 3.20, 3.30 3.60 2.40

Full charge (V) 3.65 4.20 2.85

Full discharged (V) 2.50 3.00 1.80

Minimal voltage (V) 2.00 2.50 1.50

Specific energy
(W h/kg)

90–120 200–260 70–80

Charge rate 1 C 0.5 C 1 C (5 C max)

Discharge rate 1–6 C 1 C 10 C possible

Cycle life 1,000–2,000 500 3,000–10,000

Thermal runaway (�C) 270 (very safe battery even if
fully charged)

150 (high charge promotes
thermal runaway)

One of safest



applications. However, pure sodium presents a hazard, because it spontaneously
burns in contact with air and moisture, thus the system must be protected from
water and oxidizing atmospheres.

10.2.4 Battery storage in power applications
Application of CES can demonstrate various capability under multi-mode operation
via smart grid infrastructure, which includes frequency regulation, VAR support and
voltage support, PV output shifting and levelling, demand response for peak shaving,
islanding during outages, etc. Detail comparisons are listed in Tables 10.3 and 10.4.

Table 10.3 Comparison of battery storage in power application

Demand Battery storage installation locations

Generation Transmission Distribution Consumer

Charge and discharge arbitrage H H H H
Storage by seasons H H
Frequency regulation H H
Voltage support H H
Load tracking H
Black start H
Transmission and distribution

congestion alleviation
H H

Demand response for peak shaving H H
Off-grid H H
Waste heat utilization H H H
Heating and cooling H H

Table 10.4 Advantage and cost effect of battery storage in power application

Application Advantage Cost effect

Generation ● Reduce system capacity
requirements;

● Improve power plant utilization;
● Improve renewable energy

plans to generate electricity

● Reduce power plant investment
and operating costs;

● Reduce power generation costs;
● Increase power generation

efficiency
Transmission
and distribution

● Delay investment in power
transmission and distribution;

● Improve asset utilization;
● Improve the amount of

renewable energy access

● Reduce investment in equipment
and the loss of network

Consumer ● Demand-side management;
● Improve the allocation of

electricity equipment resources

● Reduced electricity costs;
● Improved quality and reliability
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10.3 Challenges of EV penetration in distribution grid

An EV refers to a vehicle that is entirely powered by an electric drivetrain or a
vehicle that is powered by a series hybrid electric drivetrain that needs to be
plugged into the electricity grid for battery recharging. An electric car uses electric
motors and motor controllers in place of an internal combustion engine. Generally,
the energy for the motor is stored chemically in battery packs (e.g. Li-ion battery)
that are located in the vehicle. These batteries are then charged at the home, at the
workplace, or via publicly accessible recharge stations.

In a plug-in hybrid EV (PHEV), the drive wheels are powered by an electric
motor. A smaller petrol engine is fitted to the vehicle to generate power for the
electric motor. The on-board batteries can also be charged by plugging the vehicle
into the electricity grid. In addition to charging from the electricity grid, most fully-
EV and PHEVs take advantage of regenerative braking systems that charge the
on-board batteries.

A key challenge associated with the widespread market acceptance of fully-
EVs is the current high cost of this technology relative to conventional vehicles and
limited operating ranges between vehicle recharging. This issue is being progres-
sively addressed by significant investment in battery technology and battery man-
agement systems (BMSs) with a view to extending the operating range of these
vehicles in the future.

All forms of battery EVs (BEVs) now benefit from a gradual increase in range
and a reduction in up-front costs. This gradual and substantial rise in plug-in EV
(PEV) penetration will have an impact on distribution grids, as charging PEV
can be more taxing on distribution infrastructure [7]. Charging methods, power
capacities and vehicle-to-grid (V2G) integration are areas to consider within
communities for the sustainable penetration of PEV. As the cost of energy storage
continues to reduce, replacing the battery to restore range becomes more afford-
able. This brings about the market of second life EVs batteries, with potential for
battery energy storage in communities.

10.3.1 PEVs in communities
There is a substantial growing trend with the uptake of EVs within numerous
countries and communities including both the private and commercial sectors.
There have been over a hundred times increase of BEV, from mere thousands in
2010 to over 700,000 in 2015. EVs have several benefits over traditional petrol
vehicles with only a few drawbacks. Zero emissions and noise at the point of use,
low-maintenance costs, low-energy costs and the potential for local energy pro-
duction are all major benefits of EV over internal combustion engine vehicles. The
primary disadvantage to date though has been the cost of the vehicles, stemming
from high battery prices. This, in turn, limited the range of affordable EV and
impeded market adoption. As the demand for lithium-based energy storage
increased, the supply of energy storage became more predominant by reducing cost
per kW h each year.
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BEV, hydrogen fuel cell EV and PHEV are the three classes of vehicles con-
stituting PEV. All of these vehicle types have the ability to interconnect onto the
distribution network with varying energy storage capacities [8]. BEV typically
would contain the largest battery energy storage as HEV and PHEV hybridize
energy storage with liquid or high-pressure fuels. Nevertheless, all PEV vehicles
can charge or absorb energy from the grid and in some instances return that energy
through V2G integration [9]. V2G integration transforms PEV into a substantial
distributable load and potential energy source. The role of PEV in communities is
illustrated in Figure 10.7.

Such mass storage has the capability to provide numerous benefits to both the
energy supplier and local consumers of energy, residential, industrial and com-
mercial. PEV owners would most likely have to charge facilities at their residential
premises; some industries already include specified parking bays for PEV vehicles
as do commercial buildings and parking lots. PEV integration is broadly seen as a
future development in the Microgrid and Smart Grid.

10.3.2 EV charging technologies
One of the crucial challenges of EV penetration into the grid and increasing its
usage in the communities is the charging capability and availability. The main
concern of the consumers is to be able to charge EVs within the shortest possible
time [10]. On the other hand, the EV charging stations are required to provide the
charging capability for various EVs with different charging technologies. There-
fore, it is necessary to develop EV charging technologies in parallel with the
increasing EV usage in the communities.

To charge the EVs, two main charging technologies are available: contact-
based charging and wireless charging. The contact-based charging includes alter-
nating current (AC) and direct current (DC) charging methods. For the high power

Industrial

Commercial

Residential

PEV

PEV in communities

Figure 10.7 PEV relationship between residential, industrial and commercial
load
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charging applications, AC on-board charging and DC off-board charging are cur-
rently used in the market. The benefit of DC over AC charging is mainly because of
normalized voltage and current range, which is the same all over the world.
Different sockets are in use to charge EVs’ energy storage. The sockets are
designed for DC and single- or three-phase AC connections. Power delivery is
limited to the socket technology and the type of charging. The combined AC/DC
sockets have the benefits of both charging methods and higher energy transfer
range [8]. On the other hand, the contactless charging technology or wireless
charging provides another solution to the EV charging. However, requiring com-
plex infrastructure and limited power transfer are of disadvantages of wireless
charging. Among different battery technologies employed in the EV charging,
nickel metal hydride and lithium-ion have gained more popularity [7].

There are different standards for EV charging systems considering safety,
reliability, durability, rated power and the cost of different charging methods [10].
Two of the main standards used in the literature are SAE J1772 [11] and IEC
61851-1 [12]. According to the standards, different charging levels are briefly
explained [13]:

● Level 1 charging: It is mainly employed for slow single-phase on-board
charging for domestic household applications or long-time EV parking.

● Level 2 charging: It is used for quick private and public EV charging.
● Level 3 AC and DC charging: It is for high power applications and utilized for

fast public EV charging.

The summary of different levels of charging is presented in Table 10.5.

10.3.3 Infrastructure and control
One of the benefits of integrating a large number of EVs into the power grid is to
provide a great potential energy storage for the community. This potential can be
in the form of EVs injecting energy back to the grid or using second-life EV
batteries as energy storage. The benefits of integrating a large fleet of EVs into the
grid are mainly for two parties: EV owners and utility grid [9]. To be able to
engage EVs as the energy generation resources, a bidirectional V2G infrastructure

Table 10.5 EV charging levels [12]

Charge method Connection Power
(kW)

Voltage (V) Location

Normal power 1-Phase AC
connection

3.7 Single-phase 230 V AC Domestic

Medium power 1- or 3-Phase AC
connection

3.7–22 Single- or three-phase Semipublic

High power 3-Phase AC
connection

>22 Three-phase 400 V AC Public

High power DC connection >22 480 V DC Public
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is required. V2G technology provides many services to the community such as
frequency and voltage regulation, active power support, reactive power compen-
sation, power factor regulation and supporting the integration of renewable energy
resources [14].

One of the challenges in the V2G systems is the complexity of the bi-
directional battery charger, which requires additional hardware and software to
perform properly. The common components of a bidirectional battery charger are
AC/DC converter, DC/DC converter, BMS and protection circuits. The DC/DC
converter is employed as either buck or boost converter in the charging or
discharging mode. The role of AC/DC converter is to rectify the AC power while
charging the EV and invert the DC power to give the power back to the grid. The
overall structure of the V2G system is illustrated in Figure 10.8.

The integration of EVs to the grid can be coordinated by intelligently sche-
duling EVs to discharge them at the periods that energy has higher prices (peak
hours) and charge them when the price of energy is lower (off-peak hours). To
implement such a system and infrastructure, an advanced control, communication
and optimization system incorporated into the grid and EV management system is
required.
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Battery-based storage for communities 213



10.3.4 Grid stability
One of the main challenges of EV penetration in distribution grid is to deal with
grid stability especially in the case of large number of EVs. To fulfil the stability of
the power grid, the impact of EVs on the load and generation side of the grid should
be investigated. First, the generation units are required to meet EV charging
demand. Therefore, it is important to control EV charging and mitigate the impact
of EV loads as uncontrolled charging can lead to undesirable grid impacts such as
power quality problems. In order to prevent extra EV load on the grid, the charging
of EVs needs to be controlled and shifted to the off-peak hours and thus no need for
additional power generation and consequently no limitation of EV penetration. To
shift the EV charging to the off-peak hours, utilities employ time of use (TOU)
tariff strategy. According to the TOU tariffs, the pay rate would be lower during the
off-peak hours, which motivates the EV owners to charge their vehicle within this
period. However, this should be taken into account that the load shifting to the off-
peak hours requires an optimized scheduling; otherwise, it can cause an even higher
increase in peak load demand [10].

To increase the number of EVs integrated into the grid, optimized charging/
discharging algorithms that consider the benefits of EV owners and utilities are
required. To maximize the benefits of the utility, the optimization algorithms are
employed to minimize the impact of EVs on the grid, total electricity generation
costs, energy losses and infrastructure costs. Furthermore, different demand
response strategies are applied to flatten demand profile in case of high integration
of EVs [13]. On the other hand, to provide the benefits of EV owners while con-
sidering grid constraints, optimization algorithms are employed to minimize the
charging costs and maximize the discharging profits [14]. Additionally, charging
rate and charging time are factors that should be taken into account in the design of
optimization algorithms as they have an impact on the EV owners’ benefits [15].
By fulfilling the requirements of EV owner and utility, the grid stability is less of
a concern.

10.3.5 Limitations
As many benefits are imagined for EVs and V2G systems, there are challenges and
limitations to overcome as well. Among many of the challenges, battery degrada-
tion, high investment cost and social barriers can be pointed out [14]. The batteries
have a limited lifetime and many factors influence on the aging rate. One of the
main reasons of aging is the charge and discharge rate, as higher rates would result
in quicker battery degradation. However, a degraded battery may not be functional
in EV and V2G system but does not mean it has no more benefits for the com-
munity. The EV batteries can be repurposed and reused for the stationary and utility
applications after the end of their lifetime in the EV [16].

One of the other limitations is high investment cost of EV industry. The cost of
EVs in the market and the required infrastructure is still high compared to that of
combustion engine cars. In other words, there needs to be a high investment on
the development and implementation of V2G infrastructure and different EV
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components such as batteries, battery chargers, and control systems. Energy losses
and safety issues are also among the challenges, which need to be specifically
considered for the EVs and V2G systems in the communities. One of the reasons of
the high price of EVs is the low acceptance by the society. In order to increase the
number of EVs and EV charging stations in the community, a comprehensive and
reliable network of V2G is required to guarantee the requirements of EV owners at
all the times [14].

10.4 Economic aspects of battery storage

Differentiating between price point and cost of battery storage is paramount to evaluate
any battery storage with regard to performance and real value over the life of the
project. Battery manufacturers commonly quote their up-front price based on per watt–
hour (W h) on battery system only. However, the true cost of energy delivered during
the usable lifetime of the battery is a more accurate and reliable method for estimating
its economic value for projects and return on investment (ROI) of customers.

10.4.1 Cost metric
Apart from the environmental benefit, economic viability of battery storage is
dominating the speed of its deployment. The upfront cost of battery storage is a
critical factor that determines if it is economically viable as it takes a very large part
of the overall cost. Power and energy are two basic orientations in battery-storage
applications. The cost metric of ‘$/W h’, ‘$/kW h’ and ‘$/MW h’ are frequently
used in measuring the normalized cost of energy storage devices. The other useful
cost metric is based on power capacity that measured in watts, ‘$/W’. They are very
different from each other and have to be understood clearly when looking at the
upfront cost of energy storage.

10.4.2 Effective cost of a battery
The effective cost of a battery is always hard to calculate while it is always a
major concern for users when selecting and comparing different batteries for the
application. Most common way is simplifying the figure based on the $/kW h
capacity value which is the price divided by the nominal storage capacity at full
charge, as in (10.1). It seems this metric is useful in comparing batteries across
various brands and models but actually very misleading. That is because the
simplified calculation only considers the claimed battery capacity but not the real
one during operation.

Cost per capacity $=kW hð Þ ¼ Total cost of battery $ð Þ
Battery capacity kW hð Þ (10.1)

The ultimate value of the battery is all about the total energy it can store and
deliver. There are three important factors have to be taken into account: the cycle
and calendar life of the battery, DoD, and round-trip efficiency (RE).

Battery-based storage for communities 215



● The cycle life indicates the number of times that a battery can be charged and
discharged. The calendar life tells how long a battery can last in storage,
typically by calendar years. No matter whether a battery is in use or storage,
degradation is irreversible that brings it to the end of life.

● DoD specifies what percentage of the battery capacity is actually used. Battery
manufacturers normally specified a recommended maximum value of DoD for
a nominal cycle life because the cycle life of a battery tends to decrease if DoD
is increased.

● RE is dependent on the battery’s DoD. It indicates the amount of energy that
can be extracted from a battery as a percentage of total storage. The loss of
energy is generally caused by heat or other inefficiencies within the system.

Therefore, a revised calculation of cost per storage can be derived from the fol-
lowing equation:

Cost per storage $=kW hð Þ ¼ Total cost of battery $ð Þ
Battery capacity kW hð Þ � cycle life � DoD � RE

(10.2)

Besides the performance profile of the battery itself, ancillary costs are not included
in the equation. They are also very important, especially for those project devel-
opers and contractors. These costs vary case by case, which may include shipping
cost, installation cost, ongoing maintenance cost and so on.

10.4.3 System cost breakdown
Most battery-based storage systems are DC power and interconnected to the utility
grid or customer’s load at AC side. Common component levels in a DC battery-
storage system are

● Battery cells
Normally, it refers to the smallest unit of battery that chemistry is packed into.
They are a most basic unit of energy storage which is assembled into battery
banks or modules.

● Battery banks/modules
A group of battery cells are packed into a battery bank or module. It is gen-
erally standardized and mass produced by the manufacturer as an intermediate
component of battery energy storage which can be easily replaced or repaired.

● Battery strings/racks
Multiple battery banks or modules are connected in series or parallel to form
battery strings/racks.

● Battery container
Groups of battery strings/racks can be installed in a container to build large
battery energy storage. It is normally used in commercial, industrial and grid
application.

● Battery control unit (BCU)/BMS
BCU/BMS cost is generally added into the price of the battery as a whole by
the manufacturer.
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However, to install and commission a complete AC ESS to a customer site, there
are additional costs at AC side which can include:

● Power conversion system (PCS)
Grid-tied energy storage mediums are predominately DC in nature. To effec-
tively utilize the energy storage capacity on the present electric utility grid, the
energy must be converted to a standard AC level and regulated through a
converter. It bidirectional converts from AC to DC and DC to AC which
interconnects and controls of multiple DC sources to provide regulated,
stable and controllable power flow.

● Isolation transformer
In certain circumstance, an isolation transformer is needed to transfer electrical
power from AC power source to some equipment while isolating the powered
device from the power source. For example, some PCS is delta connection and
needs delta to star isolation transformer when connects to the four-wire network.

● Switchgear
Electrical disconnect switches, fuses or circuit breakers are necessarily needed
to control, protect and isolate battery and other electrical devices in the system.

● Cabling
AC cable, DC cable and communication cable cost cannot be ignored. Nor-
mally, it is included in the price of battery or other equipment. However,
additional cost has been counted among interconnections.

● Installation
Mostly, it is the transportation, labour and machine cost for installation.

Therefore, it is important to clarify costs in different segments when faced with a
value for battery storage cost in $/W h. The most basic level is the cost of cells only
which generally used by the battery manufacturer. However, ultimately customer
would like to have the cost at most complete solution level which is also known as
‘all-in-one’ cost of an installed and commissioned battery-storage system.

10.5 Energy consumption pattern of a community

This is an analysis of energy usage data obtains from Ergon Energy Australia with
effective measurements of 265 samples in a residential community throughout the
year of 2012. It identifies the sufficient number of energy storage as well as the
maximum power rating of power electronics used to get the rural household com-
pletely self-sustainable. Due to the privacy concern, details of the raw data cannot be
disclosed, neither the designated household with regards to its address and the appli-
ance information. However, the result shown can still be a very good reference for
understanding the basic requirement of power electronics used for the off-grid ESS.

10.5.1 Regulated power supply
The energy usage of regulated power usage is temperature-dependent as shown in
two example figures in Figure 10.9. Almost every household has the same energy
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usage pattern that the peak usage occurs during July period. The differences are the
magnitude and the variation degree of the energy usage. Since it is a controlled-
source power supply, the energy usage versus hour’s pattern is not showing. On the
other hand, the peak usage during a day is depending on the size of the hot water
system (likely the biggest energy consumption device of a household). By looking
at the top 10 peak energy usage within a period of time (e.g. 1 week), it can be
justified whether there is a regulated power supply in the household if these read-
ings are consistent.

10.5.1.1 Average daily power usage – all samples
In order to analyse the household energy usage, we first classify 265 samples into
two groups: household with and without regulated power supply. In the following
figures, the x-axis is the number of household samples and the y-axis shows the
energy usage in kW h. ‘Usage/day’ is the average energy usage throughout a per-
iod, and ‘90% Usage’ represents as the peak kW h energy usage required to cover
90% of days throughout the year. The ‘90% Usage’ factor characterizes the peak
energy usage required in the hourly scale, and this gives a good indication on the
specification of power electronics required. For example, reading 30 kW h for
‘90% Usage’ means the battery storage needs to be at least capable of exporting 30
kW h of energy. The actual requirement for the power electronic system will be
higher. However, due to the details it involved, we will be focusing on the energy
pattern in the hourly scale.

There are 182 samples for household without regulated power supply. The
average power usage curve, as well as their daily usage ratio at 90%, is shown in
Figures 10.10 and 10.11. To simplify the problem, we can focus our observations
on 80% of people’s energy usage behaviour (roughly for a number of household
below 145) and following summaries are made:

● For general households, the average daily energy consumption is less than
19 kW h/day;

0
0

10
20
30
40
50
60
70
80
90

100

90% Usage (kW h)
Usage/day (kW h)

50 100
Number of households

150 200

Figure 10.10 Average power usage for household without regulated meter
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● 57% of households (among 182 samples) uses 5–15 kW h/day;
● The ratio of peak energy usage to the average daily usage is about 1.72.

There are 82 samples for household with regulated power. The average power
usage curve, as well as the daily usage ratio at 90%, is shown in Figures 10.12 and
10.13. If we analyse 80% of people’s energy usage behaviour, the following
comments are made:

● The average daily energy consumption is less than 19.7 kW h/day
● 54.9% of people use 5–15 kW h/day
● The ratio of peak energy usage to the average daily usage is about 1.74.

We are also interested on the energy consumption behaviour of regulated power
(controlled-power), and similar patterns are shown in Figures 10.14 and 10.15.
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Figure 10.11 Ratio of average daily power usage versus 90% peak power usage
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Figure 10.12 Average power usage for household with regulated power
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If we use 80% of people’s energy usage behaviour, the following comments are
made:

● The average daily energy consumption is less than 10.24 kW h/day
● 72.8% of people use 5–15 kW h/day
● The ratio of peak energy usage to the average daily usage is about 1.68.

The above results are based on 90% coverage of energy usage days throughout a
year. In other words, above analysis are used to justify what is the minimum energy
consumption per day to cover 90% of days throughout a year. However, what
happens when the degree of energy coverage varies? The comparison result is
shown in Figures 10.16 and 10.17. The result showed here only focuses on
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Figure 10.17 Comparison of the level of energy coverage for no hot water
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household without controlled-supply. The household with or without controlled
supply has very similar energy consumption figure.

As it can be observed, it is impractical to cover 100% days of energy usage as peak
usage in some of days is three times greater than its average daily usage. If the coverage
of days is below 80% of days, the ratio can be effectively reduced to 1.3–1.5 by looking
at 80% of samples. The ratio is further dropped by bringing coverage days to 70%.

10.5.2 Energy usage pattern classification
The general household energy usage can be classified into four groups upon their
energy usage pattern:

● Double peak type (Figures 10.18 and 10.19)
● Single peak type (Figure 10.20)
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Figure 10.18 Double peak small usage (device 228 – 5.54 kW h/day)
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● Mountain type (Figure 10.21)
● Valley type (Figure 10.22)
● Other types

10.5.2.1 Double peak type
The double peak energy usage pattern is the most commonly seen pattern form as
shown in Figure 10.18. This type of household usually consisted by a single pro-
fessional or a couple who has regular work routine from 09.00 to 17.00. During
weekdays, the peak energy usage occurs from 07.00 to 08.30 in the morning and
then from 19.00 to 20.30 in the evening. In weekends, energy usage pattern is
distributed more evenly with additional daily energy usage compared to weekdays.
This behaviour also reflects a repeated pattern in the daily power usage figure that
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Figure 10.21 Mountain type (device 41 – 15.71 kW h/day)
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the regular peak energy usage occurring four times a month. Most of household
energy usage pattern is very similar to the double peak type pattern, apart from that
the peak time could be varied or the average daily usage could fluctuate upon the
work type or the size of families.

For example, Figure 10.19 shows the double peak energy usage pattern of the
household with greater family sizes. The average daily energy usage has increased
by 15 kW h/day compared to the small-scale household example. Similarly, two
peak energy usages occur between 08.00 and 10.00 in the morning and between
18.30 and 21.00 in the evening. Interestingly, households with greater daily energy
consumption consume slightly less energy during the weekend. This could be
attributed by some of the family members go out for the weekend, or the family
weekend activities.
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226 Wind and solar based energy systems for communities



10.5.2.2 Single peak type
Another type of the energy consumption pattern is the single peak pattern as shown
in Figure 10.20. One interesting observation was made on this type of energy
consumption pattern. The household with this type of energy usage pattern tends to
use less energy compared to other types. Rarely, household with this energy con-
sumption pattern consumes greater than 10 kW h/day. Likely, this pattern is gen-
erated by young professionals or young independents who do not cook in the
morning or does not have a regular work routine. Most of the single peak pattern
has its peak energy usage at night, and only one or two households in samples
perform differently.

10.5.2.3 Mountain type
Mountain type energy consumption pattern is shown in Figure 10.21. For energy
usage patterns do not have an obvious peak usage during the day, it will be clas-
sified as the mountain type. For some households with the mountain type might still
have the morning peak or the evening peak usage. However, the pattern will still be
classified as mountain type as long as the afternoon energy usage is more than
double of the early morning usage.

With this type of energy consumption pattern, it usually represents that the
household size is greater and consequently represents as a higher daily energy con-
sumption. Because of the diversity energy usage behaviour among the family mem-
bers, the figure pattern is smoother without having an obvious peak usage compared
to the double peak pattern and single peak pattern type. During the weekend, the main
energy consumption period starts from 08.30 instead of 07.30 during weekdays. This
could possibly due to people gets up late, and all appliances start up later.

10.5.2.4 Valley type
Energy usage pattern for households with solar system installation is very different
from the previously introduced ones. Especially, the mountain type energy usage
pattern can be easily observed when a large solar system is installed. Figure 10.22
shows a perfect example of energy usage pattern that the solar generation almost
covers the energy usage during the daytime. As a result, the average daily energy
usage decreases with increased solar generation and increases when the time comes
to autumn and winter. During the weekend, daytime peak energy consumption
occurred during the afternoon time between 13.00 and 15.00. This could be
attributed to the operation of air-conditioning during the weekend period or due to
heavy family activities.

As long as the afternoon power consumption is less than the early morning
power consumption, the energy pattern is classified as valley type. The valley type
energy pattern households will be excluded from the following analysis as we are
more concern on the actual energy usage for the general household. The data of
valley type pattern households are not valid for our following analysis. Furthermore,
if the lower power consumption cannot be observed during the afternoon time, nor
being classified into previous types, then it will be classified into other pattern types.
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10.5.2.5 Analysis
Statistic number of different pattern types is shown in Figure 10.23. Double peak
energy usage pattern attributes the largest portion due to lifestyle and people live in
the area. Also, if taking the double peak and the single peak energy usage pattern
into account, it attributes almost two-third of overall system samples. 6% was
attributed to other pattern types as their energy usage behaviour is difficult to dis-
tinguish to any of the particular patterns.

The energy usage pattern of all samples is shown in Figure 10.24. As expected,
the pattern is similar to the double peak type according to the result showing above.
Peak energy usage occurs at 07.00–08.30 in the morning then 18.00–21.30 in the
evening.

One interesting phenomenon in regards to the average energy usage upon on
different energy usage pattern was observed. The comparison of the daily energy
usage is tabulated in Table 10.6. The household with mountain type energy usage
pattern consumes 20% more energy than average. This is can be attributed to a
larger family size and consequently greater energy consumption accordingly. In

10% 6%
40% Double peak

Single peak

Mountain

Valley

Others

24%

20%

Figure 10.23 Percentage of each pattern type among 265 samples
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comparison, households with single peak energy usage pattern have the least
energy consumption.

A similar outcome is obtained when plotting a generalized result upon on
different energy usage pattern as shown in Figure 10.25. Keeping in mind that
household with valley usage pattern has the solar system installed, and thus they
consume less energy compared to users on other types.

Once the household samples are classified into groups upon on their energy
usage pattern, result figure of the daily energy average usage to the 90% covering
days ratio is shown in Figure 10.26. The ratio result does not make much difference
compared to results obtained in earlier section. The ratio still varies between 1.6
and 1.8 when looking at 80%–90% of the overall household samples.

10.5.3 Peak apparent power (VA) identification
The reason we are looking into apparent power index is because it determines the
size of the power electronics used in the ESS. The purpose of the above analysis has
not only justified the energy usage pattern but also help to determine the size of the
ESS. The index of real power only shows the actual energy usage of the general
households. However, the actual power flowing in the system is determined by the
apparent power and the rating of power electronics in the system needs to satisfy it.
Looking into household’s average daily energy usage (kW h) and generalize it with

Table 10.6 Comparison of average energy usage upon on the energy usage
pattern

Type Double peak Single peak Mountain Valley All

Average (kW h/day) 12.62 12.13 15.40 12.67 12.89
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Figure 10.25 Generalized results of daily energy consumption upon on different
energy usage pattern
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its peak apparent power usage (VA), the relationship is shown in Figure 10.27. For
households with daily energy usage less than 10 kW h/day, the ratio of peak VA to
peak kW h is mostly greater than 1. However, with daily household energy con-
sumption further increases, the ratio starts declining to as low as 0.5.

Also, it can be justified that most of the households have the peak power
consumption at <10 kV A as shown in Figure 10.28. In other words, a battery-
storage system with 10 kV A power electronics can satisfy >80% of household.
Most of the households consume power from 4 to 10 kV A according to results
shown in Figure 10.29. Thus, a 10-kV A power electronic product is probably the
best size to suit general households for battery-storage systems.

Interestingly, the difference between peak real power and the peak apparent
power has not much difference as shown in Figure 10.30. The ratio is almost
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identical to each other for all the samples. Generally, a lot of appliances in the
households are inductive and it was expected that the peak VA is higher than the
peak kW h. If this is the case, then a simple solution of capacitor banks can be used
to compensate the power factor. However, according to the result shown in
Figure 10.30, the peak power consumed is almost identical to the peak apparent
power required, then an active var compensator device (e.g. dStatcom) is recom-
mended to install along with the system.

10.5.4 Summary
● The energy usage comparison under different household samples is tabulated

in Table 10.7. This comparison is based on 80% of people’s energy usage
behaviour. Interestingly, household with regulated-power even consumes more
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Battery-based storage for communities 231



power than household without regulated-power supply. This could be attrib-
uted to the factor that household with greater energy usage tends to utilize
regulated-power supply on reducing their electricity costs.

● The peak energy required to cover 90% days of usage is roughly around 1.7
times greater than the average daily usage. However, this peak energy usage to
daily energy usage ratio can be reduced to 1.3–1.5 with the coverage days
reduced to 80%. When the coverage days decrease to 70%, the ratio is further
reduced to 1.1–1.3.

● Peak instantaneous power required for a general household is roughly at about
10 kV A. The maximum power required is 14.23 kV A the worst case among
all samples.

10.6 Selection process of battery storage

Applications to be performed by ESSs can be found across the levels of the
electricity grid. ESS applications include energy shifting from the low demand
period to the high demand period aiming to shave the peak load, shifting the energy
produced by renewable energy sources (RESs) – such as PVs – from the morning to
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Table 10.7 Comparison of energy usage when using 80% of people’s behaviour
as the sample

Maximum usage
(kW h/day)

80% Ratio Average usage
(kW h/day)

No regulated supply 19 1.72 5–15
With regulated supply 19.7 1.74 7–17
Regulated supply 10.34 1.68 4–11
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the evening hours where it is more favourable for the grid, frequency regulation,
voltage support and congestion relief, to name a few. Considering that the above-
mentioned applications require different time horizons and number of cycles per
annum, and also the existence of constraints such as spatial limitations and storage
mobility, the appropriate storage technology should be identified to perform the
application effectively.

For example, an ESS employed for peak shaving and congestion relief, such as
in Figure 10.31, should be placed downstream of the transmission line that is
threatened with overloading, so that during the peak load period, the ESS supplies
part of the load demand (e.g. 30%) while the residual load demand (e.g. 70%) is
met by the power flow through the transmission line. Thereby transmission line
congestion is avoided.

To identify the appropriate ESS technology for a specific application, 14 criteria
are considered in the selection processes presented in this work. Prior to the
deployment of the technology selection processes, a brief discussion of the tradi-
tional and the improved methods is realized [17–24].

A traditional ESS technology selection process includes generation of a
table for each of the candidate energy storage technologies, where the table is filled

Power-flow > TLBC loading limit
Congestion

Power-flow < TLBC loading limit
Normal operation

Storage

PCU

30% demand

100% demand

B

A

Infinite grid

B

A

Infinite grid

Peak load demand with and
without energy storage

70% demand

CC

Figure 10.31 ESS for peak shaving and congestion relief
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with the characteristics the ESS should possess to perform a specific application
(e.g. energy shifting). Further, the table is also filled with values to indicate the
competitiveness of one ESS technology compared to another. The selection is
realized by examining one by one the characteristics and comparing the recorded
values. This comparison will eventually lead to the selection of the appropriate
storage technology for the application under consideration. This process is
demonstrated in [17]. A table is also employed in [18], where there, the pros and
cons per ESS technology are recorded, and by comparing them, competent tech-
nologies are selected for further evaluation. In [19], a discussion-based comparison
is realized, leading to the selection of the appropriate ESS technology. The author
in [20] combines all of the above selection processes, by creating a table with
specific characteristics the storage technologies should maintain, and a value per
characteristic is assigned, representing the competitiveness of the storage technol-
ogy for a certain characteristic. The table in [20] also includes advantages and
disadvantages per ESS technology. In turn the author, by considering the tabulated
values as well as the advantages and disadvantages per technology, selects the
appropriate ESS for energy shifting.

Other selection processes that exist in the literature are more precise, and they
can include radar charts (RCs) [21], decision matrices (DMs) [22,23] or the
selection is realized by identifying the solution with the shortest distance from the
ideal. The method that identifies the shortest distance is termed technique for order
preference by similarity to ideal solution (TOPSIS) [24].

The RC in [21] values from 0 to 10 the extent to which the candidate storage
technology meets each of the required criteria. The authors in [22,23] utilize DMs,
where each candidate technology is compared with the others, and depending on
which technology is better at a certain criterion, it receives higher total grades. One
column chart is assembled per criterion, to compare the performance of one tech-
nology against the others, in turn the values of the column charts, serve as inputs to
the TOPSIS method [24]. The selection processes continue, by assigning weights to
each of the criteria, with the weights to be included in the calculations. The results
establish a ranking of technology competitiveness factors (TCFs). For the RC and
DM processes, the storage technology that presents the TCF with the highest per-
centage is perceived to be the best match for the application. Since the storage
technology that maintains the shortest normalized distance from the ideal solution
is sought in the TOPSIS method, the technology with normalized distance 1 is
better than the technology with normalized distance 2, since the technology with
distance 1 is closer to the ideal solution.

10.6.1 Criteria participating in the selection processes
The storage technologies that participate in the selection processes, as well as the
14 criteria (Ci) that are considered in this work, to shed light on the storage cap-
abilities, are visualized in the RC of Figure 10.32 [21]. Normalized values from 0 to
10 are utilized in the RC of Figure 10.32, with the values prior to normalization to
be available in [17,25,26].
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Battery technologies mainly participate in the selection process, because of
their consideration by many authors for a plethora of applications, such as energy
shifting for peak shaving, RESs integration, frequency regulation, voltage support,
congestion relief, etc. [27–32].

The storage technologies that are examined include Li-ion, NaS and PbAc
batteries, because they maintain high efficiencies, long useful life and low daily
self-discharge losses. The Li-ion technology in addition to the previous also
maintains high energy and power densities among other competitive character-
istics, while the NaS technology is well known for high-rated energy capabilities.
The PbAc technology has been used extensively, and considerable experience is
available, while it is also the lowest cost solution.

The comparison between candidate storage technologies, apart from RC utili-
zation such as in Figure 10.32, can also be realized by assembling DMs [22], as
shown in Table 10.8. For each of the selection criteria (i.e. C1–C14), another DM is
generated, and one storage technology is compared with the rest in respect to the
criterion associated with the DM. For example, in Table 10.8 is presented the
comparison between Li-ion, NaS and PbAc battery technologies in respect to
energy density (i.e. C1), and it can be seen that the Li-ion technology receives the
highest score (i.e. 9) resulting from the total grades (Gtot1) the technology
received, when compared with the NaS and PbAc technologies.

C1 – Energy density

C14 – Rated power

C13 – Rated energy

C12 – Capital cost

C11 – Daily self-discharge

C10 – Environmental impact

C9 – Operational constraints
and safety

C8 – Technical maturity

C7 – Useful life

C6 – Cycling capabilities

C5 – Efficiency

C4 – Specific power

C3 – Specific energy

C2 – Power density
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Figure 10.32 C1–C14 utilized for the comparison between the storage
technologies
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Column charts are another option to clearly identify the difference between the
candidate storage technologies in respect to a specific criterion. For example in the
column charts of Figure 10.33, it can be seen that the energy density of the Li-ion
technology is superior to the energy density of the NaS and PbAc battery tech-
nologies. In terms of capital cost, the most competitive option is the PbAc battery,
thereby this technology receives 10.

The numerical values of the column charts are utilized in the calculations of
the TOPSIS method, thereby the TCFs of the TOPSIS method derive, as it is ana-
lysed in Section 6.2.

In the case the feeder is dominated by residential loads, the energy shifting
application performed by the ESS, involves charging the battery in the morning and
discharging it in the evening, for peak load shaving and for congestion relief.
Alternatively, when commercial loads are the majority at the feeder, the ESS
pattern includes charging at night hours, and discharging the next morning and
afternoon. In both of the above cases (i.e. residential or commercial feeder), similar
operating periods are anticipated ranging a few hours a day. Regarding the cyclic
requirements of the ESS, they can reach 250 cycles per annum [33], which is
proximate to one complete cycle per workday.

10.6.2 Weighting description and TCFs identification
The weighting presented in Table 10.9 is adapted to the energy shifting application.
Criteria, such as operational constraints and safety (w9) and capital cost (w12),
always receive high weights (i.e. w9 ¼ w12 ¼ 9) to highlight their importance.
Other significant criteria include energy and power densities (w1 and w2), specific
energy and power (w3 and w4) and efficiency (w5), among others. Energy and
power densities receive the weights of w1 ¼ w2 ¼ 7.5, which is above the equitable
weighting (i.e. 7.1428), because a storage technology with high energy to volume
(i.e. kW h/m3) and power to volume (i.e. kW/m3) ratios is encouraged. This is
because, higher amount of energy and power are provided by the technology
(e.g. Li-ion), while the minimum volume is required. Similarly for specific power
(kW/kg) and energy (kW h/kg), a storage technology, that meets these two criteria

Table 10.8 DM associated with C1, for comparison between the candidate energy
storage technologies

Grading scale C1–energy density Li-ion NaS PbAc Gtot1

1 – Poor Li-ion 4 5 9
2 – Diminished NaS 2 5 7
3 – Similar

PbAc 1 1 24 – Enhanced

5 – Superior

Note: The grading scale is presented on the left of the table.
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to a high extent, is capable to provide high power and energy for the minimum
weight requirements.

The storage characteristic of daily self-discharge receives a low weight (i.e.
w11 ¼ 2), because one complete charging-discharging cycle is performed by the
ESS, almost every workday of the week (250 cycles pa [33]), therefore limiting the
effect of the daily-self discharge.

For the calculation of the TCFs for each of the different selection processes dis-
cussed in Section 10.6.1, (10.3)–(10.6) are utilized. Values from the RC of Figure 10.32
are substituted into (10.3) and (10.4), and along with the weights of Table 10.9, a TCF
per storage technology is identified. Values from the DMs, such as Table 10.8, are
passed into (10.5), thereby the TCFs of the DMs method derive. For the calculation of
the TCFs with the TOPSIS method, (10.6) is employed, with the criteria values to be
supplied by Figure 10.33, and the criteria weights to be provided by Table 10.9.

Appsum ¼
Xn

i¼1
wiCi; n ¼ 14 (10.3)

TCFRC ¼ AppsumPn
i¼1 wiCmax

100; n ¼ 14 (10.4)

TCFDM ¼
Xn

i¼1
wi

Gtoti

Gmax
; n ¼ 14 (10.5)

TCFTOPSIS ¼
Xn

i¼1

wi

100

� �2
Ci � Cmaxð Þ2; n ¼ 14 (10.6)

The TCFs, identified for the application of energy shifting, are presented in
Table 10.10. From the table, it is clear that the Li-ion technology is leading the
competition thereby it is selected for the application, with the NaS and Pd-acid
technologies to follow. Particularly, the TCF of the RC method, and the TCF of the
DM method, both for Li-ion technology (þ), termed TCFþ

RC and TCFþ
DM, maintain

the percentages of 76.74% and 70.30% in accordance. The TOPSIS selection
process, that determines the most appropriate storage technology, by identifying the
one that maintains the shortest distance from the ideal solution, results in
TCFþ

TOPSIS ¼1.14. The value of 1.14 is the shortest normalized distance from the

Table 10.9 Criteria weighting for the application of energy shifting

Weight Value Weight Value

w1 7.5 w8 5
w2 7.5 w9 9
w3 7.5 w10 7.5
w4 7.5 w11 2
w5 7.5 w12 9
w6 7.5 w13 7.5
w7 7.5 w14 7.5
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ideal solution, compared to the longer distance of 2.07 for NaS, and the even longer
distance of 2.45 for PbAc battery technology.

The results are somewhat expected, because the Li-ion technology outperforms
the rest of the storage technologies in criteria 1–5 and 14, as it can be seen in
Figure 10.32, while for the majority of the residual criteria, the Li-ion technology
maintains competitive values. At this stage, it needs to be noticed that the ESS
technologies included in the selection process were deemed competitive candidates
for the application of energy shifting; therefore, they were included in the process.
Among the competitive candidates, the Li-ion technology was eventually selected
because it presented the highest TCFs as it can be observed in Table 10.10.

In the case, the selection process was intending to determine the most appro-
priate ESS technology for the application of frequency regulation, the candidate
technologies would be different, and the selection process would include the
technologies Li-ion, superconducting magnetic energy storage (SMES) and fly-
wheel. Then, the selection processes analysed in this section would be re-applied,
and the appropriate storage technology for frequency regulation would be identi-
fied. For example, because the effect of charging-discharging cycles on the SMES
is negligible compared to the effect of the cyclic operation of the Li-ion battery, the
SMES technology would be a more suitable solution compared to Li-ion for fre-
quency regulation.

Regarding the utilized selection processes, the RC and TOPSIS processes are
more objective compared to the process that employs DMs. This is because the
inputs of the RC and TOPSIS methods are precise values obtained from [17,25,26],
and they precisely indicate the extent to which the storage technology satisfies the
criterion. Conversely, the selection process that involves DMs is based on a 1–5
grading scale that is applied subjectively. All the three methods discussed in this
section are capable to identify the appropriate energy storage technology, with the
RC and TOPSIS methods to be more objective.

10.7 Safety consideration

As important as efficiency and lifetime, safety is a non-negligible fact of the system
throughout design, installation and operation phases. Each individual device in the
system has to meet the design specification with sufficient evidence and record of
testing conducted under the regular and worst case scenario. System integrator has

Table 10.10 TCFs and suitability per energy storage technology, for the
application of energy shifting

Technology TCFRC (%) Suitability TCFDM (%) Suitability TCFTOPSIS Suitability

Li-ion (þ) 76.74 1st 70.30 1st 1.14 1st
NaS (*) 62.52 2nd 58.95 2nd 2.07 2nd
PbAc (D) 56.13 3rd 53.95 3rd 2.45 3rd
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to make sure all components meet factory specifications relative to their intended
use cases. There is a lot needs to be considered regards to safety issues in battery-
based community storage, apart from meeting prerequisite international standards.

10.7.1 Safety hazard of batteries and mitigation
Batteries, due to their intensive energy density and chemical nature, can be a serious
safety risk if incorrectly installed and operated, potentially leading to electric shock,
fire, flash burns, explosion or exposure to hazardous chemicals and released gases.

● Electric shock
Banks of battery cells can induce a severe electrical shock if remain charged or
other voltage applied to battery bank by another energy source in the system as
many battery banks are likely operating at a hazardous voltage which must be
electrically isolated. Battery terminals must be isolated with secure rated
insulating materials and avoid direct contact. Minimum labelling for battery
storage has to be permanently displayed at the prominent position as required.

● Energy hazard
A battery has sufficient energy to cause an arc flash if it suffers a short circuit
or fault. An arc flash can have temperatures above 12,000 �C, capable of
melting metal or causing fires and explosions. Generally, higher battery energy
storage capacities have a higher risk of arc flash. Arcing faults may cause
catastrophic failure of battery cell enclosures unless the fault currents are
removed quickly by correctly rated electrical protective devices. Batteries of
all types and their associated DC cabling need to be protected from mechanical
damage.

● Fire and explosion
Gas emission and thermal runaway are major causes of fire and explosion.
Most PbAc batteries generate hydrogen and oxygen while charging that needs
adequate ventilation. The chemistry of Li-ion batteries makes them prone to
‘thermal runaway’ if they are damaged or overheated by overcharging. It can
also result from component failure, a short circuit or loose connections. Tem-
perature monitor and control are essential for batteries in operation and sto-
rage. Location of BESS needs to be carefully considered when installing on a
customer premise, especially for those have elevated ambient temperatures.

● Hazardous chemicals
Battery casings can degrade or be damaged by impacts. They can also rupture
as a result of excessive temperatures and excessive pressure generated from a
change in chemical reaction from over-charging or following a short circuit.
Electrolyte (fluid or gel) can leak from a ruptured casing, resulting in toxic
fumes, burns, corrosion or explosion. Some compounds produced during the
failure of a cell can be extremely toxic. The cleanup, decontamination and
disposal of damaged equipment may require specialized equipment and skills.
Disposal of contaminated items or batteries at the end of their service life
usually will require treatment as a hazardous waste as MSDS is essential to
determine risk mitigation methods regarding chemical hazards.
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10.7.2 Location of installation
The battery is preferred to be installed in a dedicated equipment room or area with
restricted access to prevent access by unauthorized persons. It should also take into
account by physical requirements of system characteristics, ventilation require-
ments, environmental factors and another risk of damage. Extreme ambient tem-
perature or wide difference ambient temperature and humidity shall be avoided
since battery life is shortened at a prolonged high temperature and battery capacity
is degraded under low temperature; meanwhile, temperature and humidity change
may cause condensation issue.

● Indoor installation
For domestic dwellings, it is not recommended to install batteries in
habitable rooms for health and safety. Typically, garages, storage rooms and
plant rooms are suitable for batteries in these buildings, which comply with
installation requirements as discussed. For nondomestic buildings, batteries
need to be installed in a designated plant room or separate battery room which
is separated from the remainder of the building. The separation shall be con-
sidered using construction with a fire resistance level material.

● Outdoor installation
Outdoor installation requires more protection on the battery itself – a fenced-
off section that creates a restricted area for authorized persons only. Shade
should be considered over the battery enclosure.

10.7.3 Battery storage enclosure
A stand-alone battery enclosure needs well designed to protect the battery from
damage. It usually has lockable doors or covering the box with lid. Steel fabrication
with IP 55 or NEMA 3R rating seems like a typical requirement to protect the
battery from physical damage, dust and water. The prolonged explosion under the
sun, charging and discharging operation and limited interior space brings insula-
tion, cooling and ventilation into a combinational concern on the enclosure. All
battery terminals inside the enclosure have to be readily reachable for maintenance
and service. Also, the battery enclosure should be insect and vermin-proof.

10.7.4 Safety policies and standards
Safety policies and standards in the growing energy storage are key challenges in
keeping the industry on the right track, especially for Li-ion batteries. Thus,
improving knowledge of safety hazards and renovating standards turns essential. In
Australia and New Zealand, there are standards involving safety testing from cell
level to system level already in place for battery installations that should be con-
sidered in the application of battery-based community storage.

● AS 1170.4 Structural design actions – earthquake actions in Australia
● AS 1319 Safety signs for the occupational environment
● AS 2676.1 Guide to the installation, maintenance, testing and replacement of

secondary batteries in buildings – vented cells
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● AS 2676.2 Guide to the installation, maintenance, testing and replacement of
secondary batteries in buildings – sealed cells

● AS/NZS 3000 Electrical installation (known as the Australian/New Zealand
Wiring Rules)

● AS 3011.1 Electrical installation – secondary batteries installed in buildings –
vented cells

● AS 3011.2 Electrical installation – secondary batteries installed in buildings –
sealed cells

● AS 4086.2 Secondary batteries for use with stand-alone power systems –
installation and maintenance

● AS/NZS 4509.1 Stand-alone power systems – safety and installation
● AS/NZS 4509.2 Stand-alone power systems – system design
● AS/NZS 4777.1 Grid connection of energy system via inverters – installation

requirements
● AS/NZS 4777.2:2015 Grid connection of energy systems via inverters –

inverter requirements
● AS/NZS 5000.1 Electric cables – polymeric insulated – for working voltages

up to and including 0.6/1 (1.2) kV
● AS/NZS 5000.2 Electric cables – polymeric insulated – for working voltages

up to and including 450/750 V
● AS 60950.1 Information technology equipment – safety – general requirements
● AS 62040.1.1 Uninterruptible power system (UPS) – general and safety

requirements for UPS used in operator access areas
● AS 62040.1.2 UPS – general and safety requirements for UPS used in

restricted access locations
● NZS 4219 Seismic performance of engineering systems in buildings
● DR_AS 5139-2017 Electrical installation-safety of battery systems for use

with power conversion equipment (revision of AS 4086.2-1997)

Several IEC standards are also developed.

● IEC 61427-1:2013 Secondary cells and batteries for renewable energy
storage – general requirements and methods of test – Part 1 Photovoltaic off-
grid application

● IEC 61427-2:2015 Secondary cells and batteries for renewable energy storage –
general requirements and methods of test – Part 2 On-grid applications

● IEC 62109-1 Safety of power converters for use in photovoltaic power systems –
Part 1: General requirements

● IEC 62109-2 Safety of power converters for use in photovoltaic power systems –
Part 1: Particular requirements for inverters

● IEC 62619:2017 Secondary cells and batteries containing alkaline or other
nonacid electrolytes – safety requirements for secondary lithium cells and
batteries, for use in industrial applications.

Beside standards, there are guidelines for designers, installers and contractors.
In 2014, German solar industry association, BSW Solar, created an extensive report
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Safety of Guidelines – Li-ion Home Battery Storage Systems. In 2016, Australian
Clean Energy Council issued Install Guidelines for Accredited Installers –
grid-connected energy systems with battery storage that provided interim guidance
to designers and installers of grid-connected energy systems with battery-storage
systems. In the meantime, Energy Storage Council published the Australian Battery
Guide – Guide for Energy Storage System that gave guidance to the energy storage
industry and consumers in the interim while formal Australian Standards and being
developed for the sector.

10.8 Conclusion

This chapter has analysed the CES in-depth focusing on battery technologies.
Recent studies have shown growing interest in the concept of applying batteries in a
distributed manner at localized applications. It has benefits that target shifting
renewable generation, managing load peaks, providing uninterruptible power, local
reactive power support and grid services when aggregated with many units. Most
importantly, it easily adopts existing grid infrastructure which significantly reduced
the cost of investment and eases the pressure of network upgrade.

Various battery technologies are viable for CES application. PbAc batteries
were initially wide used for the industrial and residential UPS and automotive and
provided lower capital cost solutions. However, its implementation was very lim-
ited due to low charging speed and short life cycles. Thus, new ALC batteries are
developed with significant improvements and now raising in renewable energy
applications which PbAc is not capable of. Li-ion has emerged as the technology of
choice for short duration applications. Thanks to the popularity of EVs, Li-ion
batteries are gaining rapid development enabled by fast price reduction and per-
formance improvement. Li-ion batteries have been implemented in a wide variety
of applications such as peak load management, renewable integration and diesel
reduction. There are also many other battery technologies in competition with pros
and cons targeting different applications in the field.

EVs, provide a special form of battery storage, potentially provided a sig-
nificant amount of energy storage for the community. However, the gradual and
substantial rise of EV penetration also has an impact on distribution grids, as large
numbers of EVs on the load and generation sides challenge grid stability. V2G
technology makes it possible to store surplus electricity generated from intermittent
renewable solar and wind sources in EV batteries during nonpeak periods and feed
power back to the grid when needed, enhancing grid stability and reducing elec-
tricity costs at peak hours. CES is also a feasible application of those after vehicle
batteries for many grid support applications and ancillary services for the grid.

Due to the rapid uptake of energy storage, safety integration introduced sig-
nificant technical and regulatory challenges during implementation of battery
storage. There is no specific standard for battery-based CES, but relevant guidelines
for battery storage of different chemistries are constantly improving. In general,
battery hazards have to be investigated and identified to mitigate risks of application.
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Requirements for battery installation location and enclosure vary according to
different battery chemistry. Safety policies and standards in the growing energy
storage sector is a key challenge in keeping the industry on the right track, espe-
cially for Li-ion batteries. Australia is a pioneer country in regulatory intervention
to drive adoption of energy storage.
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Chapter 11

Power-to-gas and power-to-power for storage
and ancillary services in urban areas*

Ushnik Mukherjee1, Sean B. Walker1,
Azadeh Maroufmashat1 and Michael Fowler1

Abstract

In this study, power-to-gas, whereby hydrogen is generated electrolytically, and
power-to-power, whereby electricity is used to produce hydrogen which is used, in
turn, to generate electricity at a later time, are examined for their efficiency and
emissions reductions in providing energy storage and ancillary services. Due to a
large baseload of nuclear energy in the province of Ontario, and with wind gen-
eration added to the grid prior to 2014, the supply of electricity exceeds demand at
certain times of the year during off-peak hours. To manage this excess supply,
electricity is exported to neighboring provinces and states at a low, often negative
price, due to the decreased demand and surplus generation. To curb these exports,
the Independent Electricity System Operator (IESO) has switched renewable gen-
erators from nondispatchable to dispatchable energy sources that can be turned on or
off or adjusted to output a different quantity of energy. In addition, due to the large
baseload, the IESO has also shifted to allowing loads to offer demand response
services previously only offered by generators. In this analysis, the rapid response of
polymer electrolyte membrane electrolyzers, used to generate hydrogen in power-to-
gas and power-to-power systems is also able to offer important and high value
auxiliary and regulatory power services. In power-to-gas systems, the hydrogen
produced is an alternative energy vector which can be contained within the natural
gas infrastructure or other storage medium. For this analysis, the authors employ the
General Algebraic Modeling Simulation to develop a simulation of a 2-MW power-
to-gas and power-to-power system that produces hydrogen for energy storage and
then uses this hydrogen to generate electricity when there is a peak in energy
demand. This energy is then reintroduced into the electrical grid using a hydrogen
turbine. The power-to-power scheme, although typically less energy efficient,

*Presented at Proceedings of 2016 Energy and Water Symposium, Windsor, Ontario, Canada,
June 22–23, 2016.
1Department of Chemical Engineering, University of Waterloo, Canada



provides the flexibility to meet changing energy demands while generating hydro-
gen that can be used for industrial purposes and as a transportation fuel.

11.1 Introduction

With Ontario’s increasing reliance on renewable energy, and preexisting nuclear
facilities the power grid must manage periods of surplus energy generation. The
presence of surplus energy creates an opportunity to use cheaper off-peak energy
for energy arbitrage. The conversion of electricity to gas energy via power-to-gas is
implemented through the use of electrolyzers and allows simultaneous grid stabi-
lization, seasonal storage of bulk power, geographic transmission of energy and
dispatchable regeneration of distributed renewable energy [1]. An advantage of
power-to-gas is its ability to move energy between the electrical and natural gas
infrastructures. As illustrated in Figure 11.1, power-to-gas is an energy solution
which uses multiple energy streams to produce hydrogen gas which is then injected
into the natural gas infrastructure, used on-site or stored in tanks or reservoirs.
Power-to-gas systems can move energy from one location to another, where it can
then be used to generate electrical or thermal energy. The only new infrastructure
required for a power-to-gas system is electrolyzers and possibly compressed sto-
rage tanks. With this, the natural gas systems offer a large, distributed, energy
storage network that can also transport energy from one place to another while
providing energy storage for hours, days or months. In Figure 11.1, the system
includes multiple sections: energy supply, energy conversion, the transmission and
storage systems, distribution, conversion and final use. The hydrogen conversion
technology, electrolysis, has the advantage of releasing no harmful emissions in
comparison to steam methane reforming (SMR).

There are numerous available power-to-gas pathways to facilitate different
applications [3,4]. In Figure 11.1, there are four pathways for power-to-gas
including: power-to-pipeline, power-to-methanation, power-to-hydrogen and
power-to-power. The power-to-pipeline pathway occurs when the hydrogen that is
produced by electrolysis is injected into the natural gas infrastructure to create
hydrogen-enriched natural gas, which is then fed to natural gas end-users via
pipeline. Power-to-methanation refers to the production of renewable natural gas
through the methanation of CO and CO2 from hydrogen produced through power-
to-gas. The renewable fuel produced through this stream can be safely injected into
the natural gas pipelines. Power-to-power is an energy pathway whereby hydrogen
is stored in a fuel cell on-site to produce power, on demand. One of the useful
aspects of power-to-power is that it can provide useful backup power and be used
to generate income through energy arbitrage. Under an energy arbitrage scheme,
the system would purchase electricity at a low price to produce hydrogen and then
use the hydrogen fuel cell to generate electricity when the price of electricity rises.
This would allow for the hub to make a significant amount of revenue. In the
power-to-hydrogen stream, hydrogen is either fed into the natural gas infrastructure
and then separated out as needed, using a pressure swing absorber, or stored in
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tanks on-site for industrial hydrogen and mobility fuel. There is a high demand for
hydrogen for both transport and industry, where hydrogen is used in the production
of ammonia and petroleum. If the chemical industry seeks to reduce the carbon
emissions of their operations, due to the prevalence of carbon taxes or, as in
Ontario, Cap and Trade, power-to-hydrogen is an excellent technological choice.
Power-to-hydrogen provides green hydrogen which can be delivered by pipeline or
produced on-site to replace the use of SMR, a significant source of greenhouse
gases. Of course, the power-to-hydrogen stream can also be used to power hydro-
gen fuel cell vehicles (FCVs). In this case, the hydrogen would be produced via
electrolysis at a hydrogen refueling station and pumped into vehicles. This stream
is potentially lucrative due to the many FCVs that are expected to enter the market
by 2020 [5].

11.2 Methodology

The focus of the study is on optimally operating a power-to-gas hub capable of
providing: (1) power-to-hydrogen service to a FCV refueling station and (2) power-
to-power service to the power grid. The different technologies existing within the
energy hub include:

● 2 � 1 MW polymer electrolyte membrane (PEM) electrolyzers developed by
Hydrogenics Inc. [6];

● 1 ASME steel vessel capable of storing 89 kg of hydrogen at 172 bar [7];
● 1 prestorage reciprocating compressor module with a maximum flow capacity

of 42 kg/h that compresses gas from a minimum inlet pressure of 3–310 bar [8];
● 1 � 3-stage reciprocating booster compressor capable of handling inlet pres-

sures as low as 20 bar and a capacity of 87 kg/h. The booster compressor is
used to complete the refueling cycle of FCV [8];

● 1 hydrogen dispenser and precooling system generally used in the modeling
software Hydrogen Refueling Station Analysis Model developed by Argonne
National Laboratory [9] and

● 1 heavy duty fuel cell power module rated at 33 kW developed by Hydrogenics
Inc. [10].

A mixed integer linear programming (MILP) model is formulated to determine the
optimal operation of the energy hub to provide power-to-hydrogen service and also
sizes a fuel cell power module to provide power-to-power. Currently, Hydrogenics
and Enbridge are under contract to independent electricity system operator (IESO)
to develop a 2 MW power-to-gas hub in the Greater Toronto Area that provides
ancillary services to the grid. In this paper, it is of interest to see the potential of a
similar system to provide power-to-hydrogen. To ensure a simple and cost-effective
design, only one of each the prestorage compressor, storage vessel and booster
compressor have been chosen to be installed at the refueling station energy hub.
However, the number of fuel cell power modules required to provide the power-to-
power service is a decision variable in the optimization.
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11.2.1 Mixed integer linear programming formulation
The primary objective in Model 1 is minimizing the overall cost of operation of the
power-to-hydrogen energy hub. Equation (11.1) shows the objective function used
in this case.

Minimize: Cost ¼ O&MElectrolyzer þ CapitalElectrolyzer þ ðCapitalBooster CompressorÞ

þ ðCapitalCompressor;PrestorageÞ þ ðCapitalTank StorageÞ

þ CapitalDispenser þ CapitalCooling System

þ ðCapitalFuel Cell � NFuel CellÞ þ Net Expenses

(11.1)

where CapitalElectrolyzer denotes the amortized capital cost of the 2-MW PEM
electrolyzer system. The annual operating and maintenance cost of the electro-
lyzers, O&MElectrolyzer is taken to be 2.5% of the total capital investment. Similarly,
the terms CapitalBooster Compressor, CapitalCompressor;Prestorage, CapitalTank Storage,
CapitalDispenser, CapitalCooling System, and CapitalFuel Cell are the amortized capital
costs of the booster compressor, prestorage compressor, hydrogen storage system,
dispenser, cooling system and fuel cell power module, respectively. Costs of each
of the components in the energy hub are amortized over the 20-year lifetime of the
project at an interest rate of 8%. NFuel Cell is an integer decision variable that
denotes the number of fuel cell power modules chosen. The amortized capital costs
of the components are parametric inputs to the optimization problem and their
values are given in Table 11.1, found in Section 11.3.

The term t Expenses, in (11.1) and (11.2), is the difference between the annual
operating cost and the revenue earned by the energy hub.

Net Expenses ¼
X8;760

h¼1

H2 Producedh � Water Consumption Rate � Costwaterð Þ½

þ Eh þ H2 Inflowh � Energy Consumption FactorCompressor;Prestorage

� �� ��
� HOEPh�

þ Eh þ H2 Inflowh � Energy Consumption FactorCompressor;Prestorage

� �� ��
� Transmission Chargeh� � H2 Outflowh � H2 Premium Priceð Þ � EFC;h

�
� Offer PriceÞ� � CreditEmissions;existing � H2 Production Emission Offset

� �
(11.2)

Equation (11.2) accounts for the various operating expenses incurred by the
energy hub over the course of a year. Using electrolyzer specifications [6], the
annual cost of water for producing hydrogen via electrolysis is calculated by mul-
tiplying the variable H2 Produced, measured in kmol/h, with the parameters
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Water Consumption Rate, in L H2O/kmol of H2 [6] and the cost of water Costwater,
in $/L H2O [11]. The Hourly Ontario Electricity Price (HOEP, $/kW h) [12] is used
to calculate electricity consumption charges for operating the electrolyzers and
prestorage compressors. The energy consumed by the electrolyzers is denoted by
E (kW h), whereas the energy consumed by the prestorage compressor is the pro-
duct of the hydrogen flowing into the compressor (H2 Inflow, kmol/h) and the
energy (kW h) consumed by the compressor per kmol of hydrogen compressed
(Energy Consumption FactorCompressor;Prestorage; 2.5042 kW h/kmol) [8]. The
hydrogen is fed to the prestorage compressor at the condition at which it is pro-
duced—30 bar and 21 �C. A fixed transmission charge for electricity is considered
based on data provided by the local energy provider [13].

There are three potential revenue streams for the energy hub. The primary
revenue is obtained from selling hydrogen to the FCV end users at a premium price
of $8/kg H2 [14]. The secondary revenue stream is from the carbon credits earned
from offsetting emissions in the production of hydrogen compared to the traditional
SMR process. The emission factor of the process (EMFSMR) in this study is
assumed to be 18 kg of CO2 to produce a kmol of hydrogen [15]. The power bought
from the grid has an associated hourly emission factor having the unit kg CO2/kW h
of energy consumed. This data was developed based on the hourly generation
output data made available by the IESO. The lifecycle emission factor (kg CO2,e/
kW h) of the different generation sources has been taken from a report prepared by
Intrinsik Corp., Ontario for Ontario Power Generation [16]. This emission factor
fluctuates with time as different types of power generation are brought online or
offline. Based on the efficiency factor of the electrolyzer system existing within
the energy hub, the emission factor unit is converted from kg CO2,e/kW h to kg

Table 11.1 Component costing information of the energy hub

Component Cost ($)

O&MElectrolyzer $ð Þ, Annual operating and maintenance cost of
electrolyzer

Confidential [6]

CapitalElectrolyzer $ð Þ, Annual investment on total capital cost of
electrolyzer

Confidential [6]

CapitalBooster Compressor $ð Þ, Annual investment on total capital cost of
booster compressor

$37,368 [8]

CapitalCompressor;Prestorage $ð Þ, Annual investment on total capital cost
of compressor prestorage

$25,442 [8]

CapitalTank Storage $ð Þ, Annual investment on total capital cost of tank
storage

$30,422 [7]

CapitalDispenser ($), Annual investment on total capital cost of
dispenser module

$10,898 [9]

CapitalCooling System ($), Annual investment on total capital cost of
cooling system

$20,064 [9]

CapitalFuel Cell ($), Annual investment on total capital cost of fuel
cell module

$28,104 [10]
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CO2/kmol of hydrogen produced (EMFH2 ) by multiplying it with the electrolyzer
efficiency.

H2 Emioffset ¼
X8;760

h¼1

H2 Inflowh � EMFSMRð Þ � H2 Inflowh � EMFH2ð Þ½ � (11.3)

In (11.3), the potential CO2 emission offset between the two hydrogen production
technologies is calculated. This offset is used to determine the total carbon credit
revenue. The third revenue source is the monetary benefits earned from selling
power produced by the fuel cell system collocated at the refueling station. The
selling price (Bid Price, $/kW h) of the electricity produced by the fuel cell is
determined by the ratio of the amortized capital cost of the fuel cell power module
(CapitalFuel Cell, $/year) over the maximum power rating of the unit (33 kW). This
fraction is then further divided by the number of hours in a year to obtain the
Offer Price, 0.0972 $/kW h. The product of EFC (Energy produced by the fuel cell,
kW h) and the Bid Price is the revenue earned from selling electricity back to
the grid.

The ratio of PEM electrolyzer efficiency and the higher heating value of
hydrogen yields a parametric coefficient (also called hydrogen production effi-
ciency) having the unit kmol of hydrogen produced per kW h energy consumed.

H2 Producedh ¼ 9:675 � 10�3 � Eh (11.4)

In (11.4), the product of the hydrogen production efficiency and the energy con-
sumed (E, kW h) is shown to be the hydrogen produced in an hour (H2 Produced,
kmol/h). Since the electrolyzer system size is fixed at 2,000 kW (Emax, 2 MW), the
energy consumed in an hour cannot exceed this maximum limit. Therefore, the
inequality constraint in (11.5) limits the hourly energy consumption.

0 � Eh � Emax (11.5)

The hydrogen produced at the electrolyzers is stored in the 89-kg tank storage unit
at 172 bar. In (11.6), the hydrogen flow from the electrolyzers to the hydrogen in
flow to the tank is equated. The variables H2 Inflow and H2 ProducedFuel Cell

represent the hydrogen produced for the refueling station and the hydrogen pro-
duced for the fuel cell system, respectively.

H2 Producedh ¼ H2 Inflowh þ H2 ProducedFuel Cell;h (11.6)

The flow of hydrogen before entering the tank goes through a prestorage com-
pressor to compress it from 30 bar, the electrolyzer hydrogen discharge pressure, to
172 bar, the storage tank pressure. Since the system uses a reciprocating com-
pressor capable of handling a flow rate of 42 kg/h (Max InflowCompressor;Prestorage),
the maximum hydrogen flow compressed into the tank cannot exceed this
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maximum capacity of the compressor. Therefore, (11.7) constrains the H2 Inflow to
less than or equal to the Max InflowCompressor;Prestorage.

H2 Inflowh þ H2 Producedh; Fuel Cell � Max InflowCompressor;Prestorage (11.7)

At any given hour (h), the amount of hydrogen stored within the tank is determined
by doing a simple inventory balance as shown in the following equation:

H2 Inventoryh ¼ H2 Inventoryh�1 þ H2 Inflowh þ H2 ProducedFuel Cell;h

� H2 Outflowh � H2;Fuel Cell;h (11.8)

The index h � 1 indicates the hydrogen inventory at the end of the previous hour in
the tank. H2 Inventoryh is the hydrogen inventory within the tank at the end of
hour h. H2 Outflowh is the amount of hydrogen taken out of the tank and sent to the
booster compressor before being sent to the refueling station. The variable
H2;Fuel Cell;h is the flow of hydrogen withdrawn from the tank that is sent to the fuel
cell system to produce electricity.

In this optimization, the power-to-power energy recovery pathway, the energy
hub tries to achieve energy arbitrage. Here, electricity is used to produce hydrogen
and store it in the refueling station tank when the HOEP is low. Later on, when the
difference between the Bid Price and HOEP is favorable, hydrogen stored in the
tank is withdrawn and sent to the fuel cell system to produce power. Therefore, at
any hour, only one flow variable, H2 ProducedFuel Cell or H2;Fuel Cell can be greater
than 0 while the other should be equal to 0. However, this does not imply that both
of them cannot be 0 in an hour. Equations (11.9)–(11.11) have been used to con-
strain the model such that the two flow variables are not greater than zero at the
same time. In (11.9), two binary variables c and d are defined.

ch þ dh � 1 (11.9)

Equation (11.10) is a constraint set on the maximum amount of hydrogen that can
be produced for the fuel cell system in any given hour. Since the hydrogen pro-
duced for the fuel cell is stored in the tank, the product of the maximum flow
capacity of the prestorage compressor and the binary variable c is used as a limiting
constraint.

H2 Producedh; Fuel Cell � ch � Max InflowCompressor;Prestorage (11.10)

The hydrogen that is withdrawn from the tank and sent to the fuel cell system can
be no greater than the maximum possible hydrogen that can be withdrawn from the
tank, as calculated in the following equation:

H2;Fuel Cell;h � dh � InventoryMax � InventoryMinð Þ (11.11)

The maximum and minimum amount of hydrogen that can be stored in the tank at
any instant is set by the upper (InventoryMax, 45.4 kmol) and lower (InventoryMin,
8.5 kmol) bounds, as shown in the following equation:

InventoryMin � H2 Inventoryh � InventoryMax (11.12)
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Equation (11.13) is used to determine the amount of electricity produced by the fuel
cell system at any given hour (EFC , kW h). EFC is a function of the variable
hydrogen fed to the fuel cell system (H2;Fuel Cell, kmol/h). The terms hFuel Cell and
LHVH2 , denote the efficiency of the fuel cell system (55%) and the lower heating
value of hydrogen [10].

H2;Fuel Cell;h � hFuel Cell � LHVH2 ¼ EFC;h (11.13)

In (11.14), the number of fuel cells is constrained by EFC;max, the rated capacity of
the a single fuel cell module (33 kW), and NFuel Cell is an integer variable that
decides the number of fuel cells that can be installed within the energy hub.

0 � NFuel Cell � EFC;h � EFC;max � NFuel Cell (11.14)

The hydrogen outflow from the tank at every hour needs to be equal to the
hydrogen demand placed on the refueling station. Therefore, (11.15) is used as an
equality constraint to equate the tank out flow variable (H2 Outflow, kmol) with the
hydrogen demand, DemandH2 , kmol, used as a parametric input to the model.

DemandH2;h ¼ H2 Outflowh (11.15)

The FCV hydrogen demand curve used in this study is the default Chevron Demand
Profile [8]. To account for variations in the total daily demand placed on the station
over a period of 1 week, variability data from a feasibility analysis of a hydrogen
fueling station in Honolulu carried out by Hill and Penev is considered [17]. In order
to assess the maximum daily hydrogen production capacity of the 2-MW electro-
lyzer system, the default profile is incrementally scaled up until the optimization
problem gives an infeasible solution. As the typical FCV refuels 2.64 kg/day, a 100
kg/day station can refuel approximately 38 cars every day [18]. An incremental
analysis shows that the 2-MW system is able to meet a maximum daily hydrogen
production capacity of 670 kg. The set number of storage vessels and prestorage
compressors used as parametric inputs in Model 1 are determined by running a
simple optimization model where the sole purpose was to size the individual com-
ponents to meet the 670 kg/day hydrogen demand. As the hydrogen flow through the
booster compressor is equivalent to the demand placed in an hour, carrying out a
post-modeling run calculation in excel to estimate its annual operating cost sim-
plifies the optimization problem. However, to elaborate in more detail, the following
equations show how the operating cost of the booster compressor is added to the
value of net expenses obtained from (11.2). The pressure of hydrogen going into the
booster compressor is dependent on the pressure of hydrogen within the tank and is
therefore variable. Equation (11.16) shows the variation of tank pressure as a
function of the variables hydrogen inventory (H2 Inventory, kmol), and compressi-
bility factor (zÞ of hydrogen as a function of temperature and pressure within the
tank. An empirical equation has been developed for tank pressure ranging from 30 to
172 bar in MATLAB� SimulinkTM using a lookup table.

Ptank;h ¼ H2 Inventoryh � R � T � zh � 1;000
V

(11.16)
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V, R and T are parameters which denote the tank volume (m3), ideal gas constant
(m3 bar/K/mol) and the temperature (K) inside the tank. The pressure inside the
tank derived from (11.14) is the pressure of the hydrogen flow going into the
booster compressor. Based on the work by NREL [8], the theoretical work done by
the booster compressor (WBooster compressor;theoretical; kJ=kmol) is calculated using
by the following equation:

WBooster compressor;theoretical;h ¼ zRcompTk

k � 1
Pout

Ptank;h

� � k�1ð Þ=k

� 1

" #
(11.17)

The parameters used in (11.17) include: Rcomp kJ=kmol=Kð ), universal gas constant
used for booster compressor; k, heat capacity ratio of hydrogen; Pout barð Þ, outlet
pressure of compressor; z, the variable compressibility factor of hydrogen
going in to the booster compressor, as a function of Pressure ¼ Ptank þ Poutð Þ=2;
and, temperature, which is assumed to be a constant set at tank storage
temperature.

EnergyBooster compressor;h ¼ WBooster compressor;theoretical;h � H2 Outflowh

h� 3;600
� 1 h

(11.18)

In (11.18), the ratio of theoretical work and the efficiency of the booster com-
pressor hð , 65%) [8] is multiplied with the incoming hydrogen flow from the tank
to estimate energy consumed in kJ/h. Therefore in order to have units of kW h, the
kJ/h term is divided by 3,600, the number of s/h.

Equation (11.19) is used to estimate the net present value (NPV) of the project.
The term C0 is the initial investment at the beginning of the project. C0 is calculated
by summing the annual amortized capital cost of all of the components within the
energy hub. Since the amortized payments are split over 20 installments, after the
initial investment at period ‘‘0,’’ there are 19 more installments. The expression
within the summation term accounts for the time value of the net benefit earned by
the project over the 19 years. The negative of the term Net Expenses calculated in
(11.2) is expressed as Net Income. The difference between the annual Net Income
and the annual amortized capital cost (C) as described above is used to estimate the
net benefit each year. Since the amortized capital cost payments begin at period
‘‘0,’’ the last term in (11.19) is the net benefit earned for the last year. An internal
rate of return (i) of 8% is used in the study. It should be noted that the term
Net Income is an annual value and is assumed to be the same for every year until
the end of the project life. Therefore, it is necessary to account for the time value of
money over the project lifetime.

NPV ¼ �C0 þ
X19

n¼1

Net Income � Cð Þ
1 þ ið Þn

 !
þ Net Income (11.19)

256 Wind and solar based energy systems for communities



11.3 Results and discussion

The optimization is run for the 2014 year. The CPLEX algorithm in the General
Algebraic Modeling System (GAMS 22.6) is used to solve the MILP problem. In
Table 11.1, the capital costs of the individual components existing within the
energy hub are given. The amortization of these individual costs is used in (11.1).

The economic feasibility of the project is assessed by calculating its NPV at
the end of its 20 year lifetime. In this section, the NPV of the project is calculated
for price mechanism A, given in Table 11.2.

Under price mechanism A, the NPV of the project after 20 years is
$10,313,448. The project achieves a positive NPV at the end of the first year, which
denotes that the payback period for the energy hub is 1 year.

As the MILP problem is run for a period of 1 year, the total annual revenue
earned from the three revenue streams is $1,830,364. The proportion of each of the
three revenue streams is given in Figure 11.2. The majority of the revenue is earned
through the power-to-hydrogen energy recovery pathway because 66.8% of the
total electrolyzer capacity is used for meeting the hydrogen demand of the refueling
station. For a carbon tax value of $15/t of CO2, the system earns $19,094 for
offsetting 1,273 t of CO2 over the course of a year [19]. This makes up 2.45% of the
total revenue share. The introduction of the cap and trade market in Ontario will
determine the price of allowances set on carbon emissions and at what price these
allowances could be traded between different emitters. As the cap on emissions
becomes tighter, the price of these allowances could rise. Concepts like power-to-
gas energy hubs will only benefit from this due to their ability to link a relatively
clean Ontario power grid to different energy sectors across the province through the
use of clean hydrogen in different energy recovery pathways. The optimization
problem chooses one 33 kW fuel cell power module. Therefore, the power-to-
power energy recovery pathway has the smallest share of the total revenues at
0.93%. The total revenue earned by the power-to-power energy recovery pathway
is $7,233. This is determined from the unit electricity selling price (Offer Price) of
9.7 cent/kW h from the fuel cell.

11.3.1 Development of a premium price mechanism for
the energy hub

A favorable selling price for hydrogen in price mechanism A enables the system to
achieve a quicker payback. Therefore, to assess the economic feasibility of the
energy hub under a more conservative price mechanism, a post-processing

Table 11.2 Price mechanism A

Power-to-hydrogen pathway:
H2 selling price ($/kg)

Power-to-power pathway:
electricity offer price (cent/kW h)

CO2 emissions
offset credit ($/t)

8 9.7 15
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calculation of the cost objective function in (11.1) is carried out for price
mechanism B. The values of the variables that characterize the operating regime of
the components within the energy hub when the MILP problem is run for price
mechanism A are used here.

In comparison to price mechanism A, price mechanism B uses a hydrogen selling
price that is equivalent to the hydrogen production price of the energy hub. The
hydrogen production price of the system is determined using the following equation:

H2 Production Price ¼ H2 Cost

H2 Total
(11.20)

The H2 Production Price, determined from (11.20), is the levelized cost of
hydrogen. In this equation, H2 Cost is the annual cost of the energy hub, which
includes the operating as well as the annual amortized capital cost payment.
Equation (11.21) is used to estimate H2 Cost.

H2 Cost ¼ O&MElectrolyzer þ CapitalElectrolyzer þ ðCapitalBooster compressorÞ
þ ðCapitalCompressor;PrestorageÞ þ ðCapitalTank StorageÞ þ CapitalDispenser

þ CapitalCooling System þ CapitalFuel Cell � NFuel Cellð Þ
þ H2 Producedh � Water Consumption Rate � Costwaterð Þ

þ
X8;760

h¼1

Eh þ ðH2 Inflowh � Energy Consumption FactorCompressor;PrestorageÞ
n oh	

� HOEPh�

þ Eh þ H2 Inflowh � Energy Consumption FactorCompressor;Prestorage

� �� ��
� Transmission Chargeh�Þ

(11.21)
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Figure 11.2 Percentage share of total revenue earned from the power-to-
hydrogen, power-to-power and the credits earned from potential
emissions offset while displacing hydrogen production from steam
methane reforming with the water electrolysis process
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The total hydrogen produced by the electrolyzer system over the course of a year is
estimated by summing the hydrogen produced every hour is determined in the
following equation:

H2 Total ¼
X8;760

h¼1

H2 Producedh (11.22)

Equation (11.20) yields a levelized hydrogen production cost of $6.64/kmol of H2

($3.32/kg). In Table 11.3 the price of the three potential revenue streams for the
energy hub in price mechanism B are given. Only the selling price of hydrogen is
changed, the price values for the power-to-power energy recovery pathway and the
emission offset credit remains the same.

As the payback period under price mechanism B, 22 years, exceeds the project
lifetime of price mechanism A, 20 years, it is useful to determine a pricing
structure that enables the energy hub to recover its costs. In this study, a new
pricing structure for each of the three revenue streams with respect to payback
periods of 8, 9 and 10 years has been proposed. For a fixed annual net income, the
additional annual cash inflow (Cash FlowAdditional) required to achieve the three set
payback periods is determined by solving the following equation:

�CTotal þ Net Income þ Cash FlowAdditionalð Þ � 1 þ ið Þn � 1
i 1 þ ið Þn

� �
¼ 0 (11.23)

An NPV analysis of the energy hub operating under price mechanism B yields a
negative NPV of �$87,593. Therefore, the payback period for the project is greater
than the project lifetime. Upon extending the calculation of the NPV, a positive
value for the NPV is obtained at year 22. In Table 11.4 the total revenue earned by
the energy hub when operating under price mechanisms A and B have been
compared.

Table 11.3 Price mechanism B

Power-to-hydrogen pathway:
H2 selling price ($/kg)

Power-to-power pathway:
electricity offer price (cent/kW h)

CO2 emissions
offset credit ($/t)

3.32 9.7 15

Table 11.4 Comparison of the total revenues earned under the two price
mechanisms

Total revenue earned under price
mechanism A

Total revenue earned under price
mechanism B

$1,830,364 $778,228
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The revenue earned under price mechanism A is 2.35 times the total revenue
earned under price mechanism B. The price set for the emission offset credit and
the power-to-power energy recovery pathway remains the same. Therefore, this
difference is attributable to the higher selling price of $16/kmol H2 in price
mechanism A, in comparison to $6.64/kmol of H2 in price mechanism B. In price
mechanism B, the annual Net Income is $284,045. The summation of 20 amortized
capital cost installments throughout the project life is used as the cost to be
recovered (CTotalÞ. An internal rate of return (i) of 8% is used in (11.23). The value
of the required payback period (n) is set as 8, 9 and 10, respectively, for the three
cases. The annual additional cash flow (Cash FlowAdditional) required for the three
cases are calculated to be $660,038, $584,436 and $524,485, respectively. As the
payback period decreases, the additional annual cash inflow increases. In order to
better assess how this additional monetary benefit changes price mechanism B, the
required cash inflow is split among the three revenue streams according to their
percentage share in total annual revenue, as shown in Figure 11.2. In Table 11.5,
the additional cash inflow required by each of the three revenue streams for the
three different payback periods is given. As the majority of the share of revenue is
earned via power-to-hydrogen, most of the additional cash inflow needs to be
earned via this pathway.

The additional cash inflow required from each of the three revenue streams are
added to the earnings calculated for price mechanism B previously. Now, by taking
the ratio of the new revenue values and the total service provided by the energy
hub, three new premium price mechanisms for each of three different payback
periods are developed.

Using the hydrogen selling price of $3.32/kg from price mechanism B as the
baseline price, Figure 11.3 shows the required selling price of hydrogen for each of
the three payback cases. The percentage increase in the price for payback periods of
8, 9 and 10 years with respect to the baseline price are 84.81%, 75.1% and 67.4%,
respectively. The offer price of electricity produced by the 33-kW fuel cell module
is the highest for a payback period of 8 years, at 17.97 cent/kW h. The previously
set offer price of 9.3 cent/kW h in price mechanism B only accounts for the annual

Table 11.5 Breakdown of additional cash inflow required from the power-to-
hydrogen, and power-to-power energy recovery pathways and
additional credits earned via CO2 emission offset

Payback
period
(years)

Additional cash
inflow required
from the power-
to-hydrogen
pathway ($)

Additional cash
inflow required
from the power-to-
power pathway ($)

Additional cash
inflow required
from CO2

emissions offset ($)

Total additional
cash inflow
required ($)

8 637,709 6,135 16,194 660,038
9 564,665 5,432 14,339 584,436
10 506,742 4,875 12,868 524,485
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amortized capital cost of the fuel cell module. The operating cost for producing and
storing the hydrogen for the fuel cell is $4,201. For a payback period of 10 years,
the additional cash inflow from the power-to-power energy recovery pathway is
$4,875. Since the additional cash inflow for the 10 year payback case is the lowest,
in each of the three set payback period cases, the operating cost incurred for the fuel
cell power module is accounted for in all of the three new premium price
mechanisms for the three payback periods. In Figure 11.4, the required offer price
of electricity produced by the fuel cell module for payback periods of 8, 9 and
10 years is shown. This price is competitive with what is offered through the Feed
In Tariff (FIT) program for landfill gas and biogas, which is between 16.8 and 17.1
¢/kW h [20]. If the selling price of electricity was more competitive with the FIT
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program for solar and wind energy, which is as high as 38 ¢/kW h, the payback
period would be substantially shorter.

The final revenue stream is the monetary credits earned by offsetting CO2

emissions. Figure 11.5 shows the additional carbon price required for the energy
hub to recover its cost within the three set payback periods. A baseline carbon price
of $15/t of CO2 has been used in price mechanism B. This price has been based on
the carbon price set in Alberta, Canada. Figure 11.5 shows that for faster payback
periods, for example the carbon price required to achieve a payback period of 8
years needs to be at least ~$28/t of CO2.

The value of emissions credits effects the ability of industry to make a finan-
cial case for the use of green technology. This is important to note as the province
of Ontario seeks feedback from industry to determine cap levels and permit credit
values. With Ontario looking to reduce greenhouse gas emissions 15% by 2020 and
California looking for a 10% reduction over the same period, the value of emissions
credits will only rise. This bodes well for the use of power-to-gas to meet trans-
portation and industrial needs.

11.4 Conclusion

A MILP optimization model of 2 MW energy hub producing electrolytic hydrogen
for providing power-to-hydrogen and power-to-power energy services is developed
in the GAMS software. The hydrogen is stored in an 89-kg tank at 172 bar. The
power-to-hydrogen energy recovery pathway provides hydrogen demand to a fleet
of 254 FCVs. The power-to-power energy recovery pathway explored in this study
involves the sizing of the fuel cell module. It is seen that only a single 33 kW
module fuel cell module can be installed at a refueling station with a maximum
daily hydrogen demand of 670 kg. In addition to this, a comparative analysis on the
economic feasibility of the energy hub has been carried out based on the three
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revenue streams, namely (1) revenues from power-to-hydrogen energy recovery
pathway; (2) revenues from power-to-power energy recovery pathway and
(3) revenues from offsetting CO2 emissions when the water electrolysis method is
used in place of the SMR process. When the energy hub is run for price mechanism
A, a payback period of 1 year is achieved. Since 96.62% of the total revenues
earned by the energy hub comes from selling hydrogen to the FCV end users, the
high selling price of hydrogen ($8/kg) in price mechanism A leads to a short pay-
back period. In order to assess, the operation of the energy hub under a more
conservative pricing structure, the results from running the energy hub under price
mechanism A has been used to determine the production price of hydrogen ($3.32/
kg) for price mechanism B. The offer price of electricity (9.72 cent/kW h) and
the CO2 emission offset credit remains the same ($15/t of CO2) in both price
mechanisms A and B, only the hydrogen selling price is changed. For the same
operating regime of the energy hub as that of in price mechanism A, a NPV analysis
of the energy hub when run under price mechanism B shows that the energy hub has
a negative NPV at the end of the 20-year project lifetime. Therefore, in this study,
three premium price mechanisms are developed for payback periods of 8, 9 and
10 years. By using the net income earned by the energy hub for price mechanism B,
the additional cash inflow required to achieve the set payback periods are calcu-
lated to be $660,038, $584,436 and $524,485, for 8, 9 and 10 year payback periods,
respectively. The three additional cash inflows are added to the hydrogen selling
price, electricity offer price and the CO2 emission offset credit price according to
the share of their contribution to the total revenue earned when the energy hub is
run under price mechanism B. The hydrogen selling price in the three premium
price mechanisms ranges from $5.56 to $6.14/kg. The electricity offer price ranges
from 16.27 to 17.97 cent/kW h, and the CO2 emission offset credit price ranges
from $25.11 to $27.72/t of CO2. The results show that the value of the hydrogen
selling prices in the premium price mechanisms are well below typical market
values of hydrogen, $16.72–$19.68/kg.
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Chapter 12

Smart multi-energy microgrids

Tomislav Capuder1 and Tomislav Dragičević2

Abstract

It is trite to say that more needs to be done to save our environment. And the
shift from fossil fuel to renewable energy sources is an essential move. This shift
implies changes in the electricity sector, and also in the two main greenhouse gas
producers – transport and heating. These changes alone will not work, unless the
electricity powering them is produced from clean energy sources. Fine-tuning the
interplay, between the variable and uncertain production and the flexibility via
advanced control of demand, is the key in making a transition to a low-carbon
society.

12.1 Introduction

We are becoming more and more aware of the problems created by today’s energy
production and consumption habits. Air pollution and CO2 emissions are reaching
historical peaks, while reports on polar caps reduction are warning us about the
rising global temperature. Challenges of battling increasing CO2 emissions are
frequently present in environmental policies and even in the mainstream media due
to their global impact; however, they are only a part of total emissions produced by
any fossil fuel burning process. Each burning process also produces so-called local
emissions or particles such as CO, NOx, different sulphur oxides, etc. These are
called local emissions since their range is up to 200 km, which mean after that they
fall to the ground, they directly affect only the local population. Changes are nee-
ded and recent energy strategies and policies are usually promoting a shift from
fossil fuel energy (such as coal, oil or gas) to renewable energy sources (RES) as a
way of saving our planet’s future. This change does not only imply changes in the
electricity sector but also in the other two main producers of greenhouse gas

1Faculty of Electrical Engineering and Computing, Zagreb University, Croatia
2Faculty of Engineering and Science, Aalborg University, Denmark



emissions – transport and heating. Increasing the share of electric vehicles on the
roads is going rather slow and the same is the case with highly efficient electricity-
based heating, especially in European countries. It is important to keep in mind that
these changes alone will not reduce pollution; if the electricity consumed by these
new devices is not produced from clean energy sources, the ‘shift’ could actually
have a negative impact on the environment. Fine-tuning the interplay, between
variable and uncertain production on one side and flexibility which could be pro-
vided by advance control of demand on the other, is the key in making a transition
to low-carbon society.

Energy produced from solar and wind is difficult to predict, both when and
how much (referred to as uncertainty and variability). For this reason, power sys-
tem operators face numerous challenges when integrating RES in the conventional
power system structure (see e.g. [1,2]). For the electricity system to operate safely,
and to enable the uninterrupted and secure supply to consumers, the system
operators need to make sure there is a constant, second-to-second, balance between
produced and consumed electricity. In reality, it means that future energy systems
need to be designed as more flexible to be able to cope with these issues.

Addressing the above-stated problems is not an easy task. There are many
ideas as to how the future energy systems should look like [3]. Although it is
difficult to define only one common denominator of all the pathways proposed,
most of them can be seen as concepts of planning and building a flexible system
capable of responding to the variable and uncertain nature of renewable sources.
Demand response is seen as one of the most promising solutions since it has a lot of
hidden power balancing capacity which in many countries even exceeds the overall
installed renewables. However, flexibility provision from load resources highly
depends on human behaviour, making this capacity highly uncertain and variable in
time. Therefore, integrating flexible load resources with local generation and sto-
rage within the entities called microgrids (environments like smart homes, com-
mercial buildings and industrial facilities can all be categorized under the term
microgrids) can largely compensate these effects and lead to better utilization of
demand response potentials.

Microgrids are conventionally looked as electricity only systems, where
installation of expensive energy storage systems is the only flexibility-enhancement
option. On the other hand, multi-energy concepts allow exchange of energy
between different energy vectors that operate at different time constants, which
provides a higher degree of control freedom, implying unlocking of further flex-
ibility potentials.

The concept presented in this chapter explains the idea of flexible and multi-
energy microgrids (MEMs) and focuses on how one can create a sustainable low-
carbon energy future by efficiently utilizing the existing sources, infrastructures
and so-called energy vectors (energy vectors in this context relate to electricity,
heat, gas, hydrogen, cooling and every other useful form of energy consumed
today). This vision could change the perception of how most of us look at energy
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demand and supply. For instance, imagine that gas that warms up our houses is
produced from photovoltaic power. Or that hydrogen fuelled, biofuelled and elec-
tric vehicles circulate together on our roads. Did you ever think that we can use
CO2 emitted from coal power stations and blend it with wind energy to produce
synthetic gas which can then be transported to gas power plants, our gas boilers at
home or even gas-driven vehicles? Benefits of this process are less in direct
environmental savings, rather in creating additional value by increasing power
system flexibility. Imagine that you do not need ‘peakers’ (such as gas power
plants) or any other fossil-fuel-driven plants kept to provide reserve. Instead, wind
power plants are operated so that excess production (that cannot be absorbed by
power system demand) is converted to hydrogen or synthetic gas, further trans-
ported by existing gas infrastructure (such as the one in United Kingdom or Ger-
many) and burned providing heat demand. By doing this, the firming capacity of
wind (especially offshore wind) is increased, reducing the spilling of free green
energy. There are many examples like this: chilled water can be generated from hot
flues of micro power stations located in basements; wastewater can be a resource to
simultaneously cool and heat the buildings in our districts and smart meters in our
homes can indicate if it is cheaper to use gas or electricity to heat water for
showering.

The presented vision of smart grid goes beyond electricity, challenges and
rethinks the concept of energy, and particularly energy storage. It thus proposes a
more realistic future for everyone’s home, districts, cities and the whole energy
system (see more in [4]). The proposed concepts in this chapter go beyond an idea
and clearly show how and why multi-energy communities and microgrids can be
very interesting to potential investors as they offer a reasonable return of invest-
ment and, in long term, present a business case resistant to future price volatility in
different markets.

The second section of this chapter introduces and explains the basic concept of
multi-energy systems (MESs), from system level to microgrid level; it also looks
into drivers of distributed MESs, specifically at regulatory and market concepts
important for the reader to understand operational principles of MEM. The third
section discusses why MESs are flexible, where does the operational flexibility
come from and shows how to model operation of MESs giving two examples as
potential options for MES integration. The final section offers discussions and
conclusions.

12.2 Understanding the idea behind flexible multi-energy
communities

The two main drivers for providing operational system flexibility are coping with
variability and uncertainty in both supply and demand. In this respect, flexibility
has always been required, and flexible resources have always been present in power

Smart multi-energy microgrids 267



systems, as reflected in the classical unit commitment problem, whereby relevant
reserves are indeed scheduled in advance to follow the load variation while also
dealing with uncertainty in demand forecast and generation outages. In addition,
flexible resources have always been used to provide real-time frequency control
ancillary services to deal with either ‘normal’ supply-and-demand imbalances
variations (as in the case of regulation and load following ancillary services) or
contingency events (such as primary and secondary frequency response and tertiary
reserve). It is therefore clear how RES, and low-carbon technologies (LCT), may
add to flexibility requirements due to their contribution to both variability and
uncertainty. It is not surprising that significant efforts are being paid to research the
capability of the existing power systems to deal with increasing share of RES,
given that variable and relatively unpredictable generation is challenging the usual
operation practices for system control and balancing, from decrease in system
inertia to increase in ramping requirements. The coordination of all resources that
can provide operational flexibility needs to occur over different time frames, for
instance from a day-ahead basis to real-time operation with the main goal of
guaranteeing the supply–demand balance on a second-by-second basis. In a market
environment, the market design and commercial arrangements must be such that
the most economical resources are eventually deployed in any case by the system
operator, which usually does so through a balancing spot market and various
ancillary services markets or contracts. This highlights how the requirements and
deployment of short-term flexibility are not a mere issue of system operation but
have significant implications over different time scales and actions. Again, this is
actually reflected in the way power systems work altogether [5].

Energy communities refer to a single system (or market) entity composed of
aggregated commercially feasible technologies, such as distributed cogeneration
system, electric heat pumps (EHPs), storage heaters, thermal storages, chillers
and similar [6]. From the system perspective such communities act as demand
response, however, with a significant difference from the classical flexible
consumer response [7]. Usually, the smart grid ideas suggest that every consumer
should participate in the future energy system by adjusting its consumption to the
system needs. This is usually done by either shifting specific consumption
time-of-use or by adjusting comfort level of the occupants. The majority of
people, at least initially, will be very reluctant to exchange their comfort level for
any kind of remunerations. On the contrary, in the multi-energy vision, there is no
need for change in the behaviour pattern of the consumer and in the consumption
demand. This means that the consumers do not have to switch off their appliances
nor move their consumption to a more favourable period, as the capability of
shifting between different energy vectors results in consumer always having the
desired energy service. At the same time, these units provide additional flex-
ibility in the form of different energy and ancillary services to the upstream
power system [8].

The paradigm of flexible MESs relies on the interactions between different
energy vectors (such as gas, heat, electricity, cooling and hydrogen). This means
that at every moment, there is a choice from multiple input vectors and a possibility
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to select and to optimize the quantity of the input energy vector based on its price,
availability or any other parameter one considers important. By converting this
input vector (which is usually gas, electricity and hydrogen), different energy forms
can be produced to fulfil the desired demand (electricity, heat, hot water and
cooling). The first advantage of such an approach is obvious: if one has more
choices, each with different price, the flexibility of such systems lays in selecting
the least expensive one and making significant savings when compared to the tra-
ditional separate energy vector systems we have today. This will be further ela-
borated and supported with results in the third section of this chapter.

12.2.1 Drivers of distributed MES flexible operation
For all technologies, responsiveness and controllability are preconditioned with the
existence of signals stimulating change of existing/conventional behaviour. Most of
today’s energy systems are rather passive in the sense that final consumers and
distributed generation do not receive any type of signals (in this context the signals
would be dynamic prices) to encourage them to act any differently than just serve
the final demand or, as in case of for example local RES, produce all the electricity
and receive incentives. Looking within our homes, most of us will find out that our
heat demand comes from either gas boilers, district of city wide CHP or local
electric heating. These devices are running following our heat demand; even when
programmed to turn on only when we are home and our comfort requirements are
higher, they do not coordinate with the energy system needs. In addition, most of us
pay fixed energy tariffs. By charging us passive, fixed tariffs, retailers hedge their
risks of procuring energy at the wholesale market (or bilaterally) and ensure con-
stant income. To put it simple: if the income from sales is rather constant and
predictable, it is easier to make profit when buying any type of merchandise. While
such approach was acceptable in conventional energy systems, this paradigm has to
change in two ways:

● In traditional systems, generation followed demand and was scheduled in a
way to provide energy and ancillary services based on demand forecasts
(including uncertainty and variability). On the contrary, in low-carbon energy
system, a shift happens, requiring demand to adjust and be more able to follow
generation (especially low-cost RES). Although RES, especially large-scale
wind farms, can be controlled even for provision of frequency response, such
behaviour underutilizes the usage of low-cost energy resources. It makes much
more sense to optimize the power system operation so that both demand and
generation are coordinated, maximizing utilization of both sides of energy
equilibrium balance. Putting it simply: the concept of generation following
demand shifts to demand following clean RES generation.

● The power system, as we know it for the past 150 years, relies on bulk energy
resources, mostly conventional-fossil fuel-based types (coal, gas), and nuclear
and hydro. While these units are large in both power and energy produced,
they require large investments and a long time to be put into operation.
Alternatively, each household (not to mention industry) could be both the
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producer and consumer of energy. Distributed energy is not new in the system
and neither are business models suggested to coordinate their operation (such
as virtual power plants and microgrids) or investment (such as energy com-
munities). However, these models, in most cases, exist only in research articles
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or as pilot projects as sort of guerrilla attempts to make the transition to a
cleaner energy system. At the end of 2016, European Commission brought the
largest legislative package so far, called ‘Clean Energy for all Europeans’, in
which it clearly promotes the shift to local energy production and distribution
level prosumers (for the purpose of this chapter, term prosumer is used for a
network user that both locally produces and consumes energy). The package
suggests that by 2050, over 50% of total energy needs will come from end-
users and sets pathways for creating frameworks for prosumer participation in
system and market activities. We recommend that everyone read the entire
‘Winter package’ (or at least a number of summaries of most critical points for
energy transition), as this is one of key energy documents for the upcoming
period. However, the key aspect we would like to emphasize here is
acknowledgement of importance of distributed energy and requests that they
become active market participants. The reader should notice that distributed
MES concepts fit perfectly into the new guidelines.

Integrated energy systems or MESs in fact present a transitional strategy towards
all electric energy system. In the environment where both strategies of heat (cur-
rently around 40%–45% of total demand) and transport are suggesting that the
future is going electric, MES seems to be a promising concept recognized in many
studies as an efficient transition to a 100% renewable electric future. A general
concept of this is shown in Figure 12.1.

12.3 Flexible operation of distributed multi-energy systems

MESs have the capability to change the usage of input energy vector (e.g. gas or
electricity) to produce the desired energy vector demands (it can be multiple
demands). The available literature explains this by the phrase spark spread [9]: it is
defined as difference between energy vector costs taking into account efficiencies
of conversion and storage devices used to produce the final energy output. Before
providing models and explanatory results, simplified logic of operational advan-
tages of MES are given using the example from Figure 12.2. Very often, MES
operation is presented through the concept of Energy Hub (interested reader is
directed to read more in the literature listed at the end of the chapter, such as
[10,11]); however, for understanding the benefits of the concept, the proposed
model is more intuitive. The MES example in Figure 12.2 should be understood as
an idea and concept, a simplified way of understanding MES; not as a single
operational unit (although similar do exist and are already installed and opera-
tional). In the example, the MES unit is composed of cogeneration unit (CHP),
EHP, boiler and thermal energy storage (TES). The main idea of the figure is to
have units which can produce multiple usable outputs and can provide flexibility
services inside the lines, while the uncontrollable part, such as RES and consumers,
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is presented by outside frame. In the context of this chapter, RES and demand are
considered as uncontrollable only due to the fact that we are looking into other
ways of providing flexibility and services; however, they should not in general be
considered as passive system participants. The sum boxes present the controllers
which would, interacting with different units, be able to provide flexibility from
multiple energy vectors.

MES unit, presented by Figure 12.2, has a choice between two input energy
vectors, gas and electricity, which can either be directly used by final consumption
units or converted to desired energy demand. The desired input is selected based on
prices. It should be mentioned here that gas and electricity markets are not cleared
simultaneously since these two markets operate differently (although currently
some recent studies look into simultaneous gas and electricity market clearing);
therefore, signal prices are sent on different time frames. For the sake of simplicity,
we show an example where gas market prices are constant throughout the day and
electricity prices change. This reflects the current situation where even large con-
sumers have contracted constant gas prices for longer periods, while these prices
change daily at the wholesale market. On the other hand, electricity prices change
on an hourly basis and are a result of day-ahead market clearing (known 12 h before
the day of energy delivery).

Going back to the example when electricity price (defined as marginal clearing
price or MCP for every hour at the day-ahead market, as shown in Figure 12.3) is
high and spark spread is in favour of gas, MES unit will maximize usage of gas to
produce the desired heat output. In fact, if the CHP unit is oversized compared to
the current heat demand, it will produce excess heat energy which can then be
stored for later usage. In addition, the surplus electricity produced will be sold at
the power market, creating profit for the MES unit. If CHP unit is undersized and
unable to produce the required heat demand, then electricity coproduced in CHP
can be used for running electric heater (or in this case, drive the EHP) to produce
the remaining heat demand.

When electricity MCP is low (as in the right graph in Figure 12.3), MES unit
prefers to buy electricity from the market to supply its own electricity demand. It

Heat network

TES

AB

CHP Σ

Σ

Σ

Fgas
FCHPECHP

HCHP

EEHP

EEPS HAB

HTES

HHES

HEHP
EHP

FAB Gas network

Energy flow

Electricity network

Figure 12.2 General concept of distributed multi-energy system (MES)

272 Wind and solar based energy systems for communities



avoids running expensive gas units (such as CHP and boiler) and uses bought
electricity to run the EHP to produce the desired heat demand.

Visualization of the MES operation when electricity prices are high is shown in
upper part of Figure 12.4 and when electricity prices are low in lower segment of
Figure 12.4.
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This basic concept will be further elaborated in next sections in two ways:
(i) through graphical elaboration on why MES systems are capable of flexible
operation; (ii) mathematical models and explanations of MES operational principles.

12.3.1 Where does the flexibility come from?
The simplest multi-energy device is a CHP producing simultaneously heat and
electricity. CHP units are characterized by the type of turbine they use and in
general there are three types: back-pressure steam turbine, extraction condensing
steam turbine and gas turbines. The main difference, from the perspective of
flexible operation aspect, is the heat to electricity ratio of those CHP turbines.
Although extraction condensing steam turbine can operate more flexibly with
regards to required demand, these units are almost never the choice for the inves-
tors at the distribution level due to higher costs. This means that distribution net-
work level CHP units are almost always characterized with fixed power-to-heat
ratio (see Figure 12.5 upper graph). In most cases, such CHP units operate so that
they produce the desired heat demand, while electricity is treated as a by-product
and is injected into the grid regardless of the needs or prices. One can easily ima-
gine an early, windy, winter morning with high heat demand, lower electricity
demand and high production from wind power plants – this is far from ideal case
for the system operators and additional flexibility will be sought to mitigate
potential misbalances between production and consumption. Coupling CHP unit
with thermal storage enables decoupling of heat and electricity demand and this is
visually shown in Figure 12.5 (lower graph). This means that the CHP units now do
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not have to strictly follow heat demand; it can already adjust its operation to market
signals. Explanations of the points for the second diagram in Figure 12.5 (A, B, C,
D, E and F) will be given as the modelling is explained in the next section.

The same logic can be easily applied to adding more units and coupling them
into a MES system as the one in Figure 12.2. Feasible area of operation is wider and
the operation of an MES unit becomes more flexible, meaning MES units are
capable of fully decoupling different energy vectors (electricity, heat and gas) and
responding to different price signals.

The authors would like to add that the presented approach aims at explaining
basic principles; to properly model, plan and operate MES systems, extensive
knowledge is required on local consumption, local energy networks, different
energy markets and future development.

12.3.2 Multi-energy community modelling
Different understandings of energy community concept can be found in the litera-
ture [12,13]. For the purpose of this chapter, we will refer to energy community as a
group of distribution system level consumers with different energy demands being
supplied by MES units. A group of consumers, located close to each other and
coordinating their operation by scheduling production and consumption, is often
called a microgrid. For this reason, terms MEM and energy community will be used
as equivalent terms.

In this section, we will show two key aspects of multi-energy units providing
flexibility. The first aspect will be demonstrated through a centrally operated MES
community composed of different units with a goal of demonstrating how much
more efficient it is to provide different energy demand through coupling units then
it is when each energy demand is produced independently. The second aspect will
be shown through a corrective action scheduling model enabling self-balancing
based on new information closer to real time of delivery. This flexibility, seen as
the capability of self-balancing (or reducing energy community deviations towards
the power system from originally scheduled dispatch), contributes to reliable sys-
tem operation.

12.3.2.1 Example 1
For the first case analysis, we go back to the concept shown in Figure 12.2 (and
Figure 12.4), where MES unit can be composed of CHP, boiler, EHP and TES
units. Further, we recognize that the final consumer demand can be supplied in
multiple ways or options, namely we look into the following possibilities:

● Option 1 (O1): Gas is being burned in a gas boiler, while electricity is supplied
from the upstream power system. This is the most common way how energy is
supplied today to the final consumers and represents fully decoupling of
energy vectors.

● Option 2 (O2): Heat demand is being supplied by electric heating, either by
running an electric heater or EHP. The electricity demand is supplied from the
upstream system. O2 is in many national strategies seen as the final step
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towards fully decarbonized energy systems, where both heat and transportation
are being electrified.

● Option 3 (O3): A more flexible option is adding thermal storage couple with
electric heating, and we analyse this in O3.

● Option 4 (O4): Central CHP unit is installed, producing heat and electricity. In
this chapter, we consider CHP units being fuelled by natural gas (same for
boilers). Recently, CHP units fuelled with biogas and biomass have gained a
lot of attention, especially in Denmark where majority of heat demand is being
supplied this way. Regardless of the fuel MES concepts, modelling aspects and
understanding of benefits are similar; adjustments are needed only in terms of
CHP and boiler units technical and economic parameters (such as cost of fuel
of efficiency of electric/heat conversion). In O4, gas boiler and electric grid
serve as auxiliary sources for supplying the consumers.

● Option 5 (O5): Similar to O4, however, in case CHP is additionally coupled
with TES, we call this O5.

● Option 6 (O6): Electricity and heat demand are provided by coordinating CHP
and EHP operation.

● Option 7 (O7): Same units are analysed as in O6, with the addition of TES to
gain additional flexibility option.

Details of these analyses, such as optimal sizing of each unit, explanations of models,
etc., can be found in [14,15], and we recommend readers interested in this area to
look them up for better understanding. In this chapter, we will focus only on mod-
elling aspects and reductions in annual operational cost as indicators of flexibility.

The main idea driving the optimization problem is minimization of operational
costs; the expenses are gas bought to supply either CHP or gas boiler electricity
bought for final consumption and operation of EHP. Additionally, profit can be
made by selling excess electricity back on the market. This can be expressed as

minimize
XT

t¼1

Cgas
t þ Celectricity

t

h i
(12.1)

Each unit of MES should be modelled with corresponding maximum and minimum
value limits and belonging efficiencies. For CHP, this can be expressed as in the
following equations:

ECHP
t ¼ FCHP

t � helec
t (12.2)

HCHP
t ¼ FCHP

t � htherm
t (12.3)

ICHP
t � ECHP MIN � ECHP

t � ICHP
t � ECHP MAX

t (12.4)

�ramp � ECHP
t � ECHP

t�1 � ramp (12.5)

Equations (12.2) and (12.3) model the conversion of gas to electricity and heat,
(12.4) defines the minimum and maximum power that can be produced by CHP
through binary variable ICHP (indicating if CHP is even being operated or not),
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while (12.5) models the capability of CHP unit to change its output between two
consecutive time steps.

A similar approach to modelling can be applied to modelling of EHP; (12.6)
describes the relationship between heat output and electricity input through the
relevant Coefficient of Performance (COP) value. Heat production from EHP is
limited by a constraint upper limit, HEHP_MAX.

HEHP
t ¼ EEHP

t � COPEHP
t (12.6)

0 � HEHP
t � HEHP MAX (12.7)

An interesting aspect of EHP operation is that it can be powered from electricity
flow coming from the electrical grid (EEHP_G) but also from CHP in cases where
CHP produces low-cost electricity as by-product to heat demand (EEHP_CHP). These
aspects are shown by the following equations:

EEHP
t ¼ EEHP CHP

t þ EEHP G
t (12.8)

EEHP CHP
t ¼ ECHP

t � at (12.9)

The gas boiler is modelled as in the following equations:

HBOILER
t ¼ hBOILER

t � FBOILER
t (12.10)

0 � HBOILER
t � HBOILER MAX (12.11)

Finally, electricity and heat balance of production and consumption need to be
obeyed, and they are modelled as in [13,14]; they can be understood as the
Kirchhoff nodal laws: the sum of all energy produced locally, consumed locally
and exchanged with the grid is equal to zero:

EDEMAND ¼ 1 � atð Þ � ECHP
t þ EEXCHANGE

t � EEHP G
t (12.12)

HTES
t ¼ HTES

t�1 þ HCHP
t þ HBOILER

t þ HEHP
t � HDEMAND

t (12.13)

The presented equations are a general model of all seven listed options of MES units.
In case a specific unit is not included in an option, its variables take on the value of 0
for all time steps t. For example, in O5 only CHP, TES and boiler compose MES unit
– this means that all variables modelling EHP will take on the value 0. By doing this,
the above-presented model becomes unified and valid for all options O1–O7.

The reader should be aware that analysing operational costs for MES, or in this
case operational cost savings, is subject to specific market conditions (volatile
market prices), consumption of a specific energy community as well as size of each
unit (such as CHP, EHP, TES and boiler). These factors have been researched in
details in papers [14,15], and we encourage the reader to look for them for deeper
understanding of these issues.

Operational costs of seven MES options, O1–O7, described in Figure 12.2 are
shown in Figure 12.6. The values come from optimizing operational costs of each
option, over 1-year time horizon for energy community of 1,000 houses. All unit
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sizes are dimension to have maximum net present value (NPV) over the lifespan of
15 years (we consider this to be the optimal size of each MES option) [16].

When looking at the results, the value of 50% lower operational costs for
coordinated MES operation as oppose to separate energy production really sticks
out making us wonder how inefficiently we produce our energy demand, and are
we overpaying our energy bills. Since these results might be valid only for specific
conditions, Figure 12.7 demonstrates that regardless of the gas and electricity
market prices (for the presented analyses we vary today’s prices by 50% up and
down, creating six additional scenarios), coupling energy vectors is always a more
preferable option for providing desired demand.
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12.3.2.2 Example 2
In the second example, the focus is on real-time operation and short-term flexibility
of a MEM. In the example, a distributed residential community is modelled where
each house has a flexible unit installed. This residential community can consist of
any number of households, and each household can be equipped with different
energy sources and have various demand curves (heating, cooling and electricity);
in the presented example, 300 households are modelled. Depending on the com-
munity configuration, each household can be supplied by either household CHP
unit, household EHP unit (cooling and heating), household auxiliary boilers,
household heat storages and household installed RES units (PV panels).

This energy community will act as a single-power market/system entity called
a balancing group (each energy community can be a separate balancing group, or
multiple communities can have contracts and agreements defining them as a one
balancing group with a single balancing group leader). This means that such a
group is responsible for all deviations caused by behaviour of its members. More
precisely, in case the community is not able to accurately forecast its operation on a
day-ahead basis, it will be responsible for all the deviations from the announced
schedule. This means that it will have to either self-balance these deviations or pay
third parties to do this for them. A general idea is to have a central coordinator of
community activities which receives new information as soon as available and
makes corrective decisions based on this new information. There are different
sources of uncertainty within energy community. For example, it is rather difficult
to forecast electricity production of each house’s PV system. Since this forecasting
needs to be done at least 18 h before first kW h from PV is produced and injected
into the grid (this is how the day-ahead market currently operates), the errors
between forecasted and actually delivered can be quite high. Even more, they will
probably be even higher as the day goes by (more time will elapse since the initial
forecast was made). The same goes for all energy demands: cooling, heating and
electricity. However, during the day, new forecasts can be made, new information
can be available and central operator of such community can consider forecasting
errors and be able to reschedule the operating points of flexible units. A concept of
such central coordinator is shown in Figure 12.8.

For test-case analyses, we selected a community of 300 households. The entire
model with comprehensive results can be found in [17,18]. The logic of modelling
MEM is very similar to that as in Example 1 (with a small difference on values of
efficiencies of different units). The difference is the corrective aspect of the algo-
rithm, repeating the above-explained model in every time-step. By doing this, it
uses new information and reduced the deviation from the original schedule.

Since goals of making a transition to LCT focus both on reducing energy costs
as well as the environmental footprint, we will show the impact of implementing
such corrective algorithms in those two aspects. Figure 12.9 shows the results for
such analyses.

On a day-ahead level MEM, or energy community, will optimize its schedule
and set operational points for its dispatchable units. This is shown as no MPC
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results in Figure 12.9. However, since this is done before noon on a day-1 of
delivery, there is a high probability that both demand and RES actual real-time
production will be different than originally forecasted. This means that if the
microgrid sticks with the original schedule, it will create imbalances in the system.
These imbalances will be penalized since other power system entities need to
provide balancing services to maintain electricity balance equilibrium.
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The corrective algorithm enables corrections of the original schedule based on
the new information and forecasts. On each-time step (this can be different values,
from 15 min, half an hour, hour – based on market setup), the optimization pro-
cedure is repeated, updating the operational points of flexible units and minimizing
the error between real-time operation and the schedule announced at the day-ahead
market. By doing this, imbalances can be significantly reduced. In the results, this
is referred to as MPC.

Figure 12.9 should be understood in that way: if there is no corrective actions
scenario call, no MPC will occur, while in case energy community has the cap-
ability to adjust, MPC scenario will occur. It is easy to notice that MPC scenario
shows improvements in both aspects of reducing the operational costs and CO2

emission impact.

12.4 Concluding remarks

Although one might argue that strategies for making a transition to zero emission
energy systems exist, there is still an important contribution to be made in terms of
relevant transitions paths, concepts and, most importantly, business cases for
making different technologies interesting to both investors and energy system
operators. The idea of all energy sectors going electric makes sense from a long-
term perspective; however, the maturity of technologies required to do that, such as
batteries and wide adaptation of electric heating and electric vehicles, does not
seem to yet be at the stage where a simple switch is possible. It is somehow often
neglected that we produce, transport and use our energy inefficiently, and that there
is significant potential for reducing both costs and environmental impact by redu-
cing these losses.

In this chapter, we present concepts of multi-energy communities/microgrids
and focus on techno-economic and environmental aspects. While the idea of energy
being produced at the proximity where it will be consumed is supported by reg-
ulatory guidelines of European Commission, there are multiple aspects missing to
integrate local prosumers making them flexible system participants. From a technical
point of view, integrating prosumers and local flexible consumption/production
makes sense only if they can react to signals and adopt their behaviour to system
needs. In multi-energy environment, this can be done by shifting the production of
the desired energy output from one fuel to the other. By doing this, MES systems
do not affect final consumers comfort (as would for example shifting electricity
consumption to another period or preheating the room during favourable electricity
prices). In fact, by responding to changes and signals, MES units benefit both in
terms of financial savings and environmental impact reductions. We further stress
the importance of developing and implementing adjustable control algorithms and
introducing closer to real-time rescheduling, which is one of critical aspects when
empowering new system users. In the context of developing energy communities, it
should not be enough that they invest into LCT; they need to be stimulated to act
the drivers of flexibility instead of creators of additional flexibility needs.
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Chapter 13

Conservation and demand management in
community energy systems*

Jessie Ma1 and Bala Venkatesh2

Abstract

Community Energy Systems (CESs) are localized systems that can generate, deli-
ver, and/or store energy, which can come in different forms, including electricity,
natural gas, and district heating. These can be operated in islanded mode or tied
into the main grid, either continually or for backup purposes. Since CESs are by
definition small-scale, even small deviations from forecasts can be much more
costly to users as those costs of overbuilding or underbuilding are shared among a
much smaller group of consumers (rather than the much larger pool across the
larger system). Accurate peak load forecasts are very difficult, and they are espe-
cially difficult for CESs because inaccuracies cannot be smoothed across a larger
base. Conservation and demand management can be efficient tools to smooth over
inevitable deviations from forecasts.

The conservation model proposed in this chapter would target conservation
at the most elastic (price sensitive) consumers only during narrowly defined
peak periods in order to increase utilization of fixed assets and drive down unit
costs. This would reduce the overall capacity requirements of the system, and these
savings would be saved among all users.

The three main elements of this model are to (1) lower the peak in order to
defer capacity expansions; (2) increase utilization in order to reduce unit costs and
rates; and (3) target conservation efforts at the most elastic (price sensitive) con-
sumers so that conservation is procured at the lowest possible cost. Conservation
can be achieved through a combination of disincentives for consumption during
very narrow peak periods and incentives for consumption during off-peak periods.
Together, these have the effect of flattening the demand curve.

*Disclaimer: Any opinions, findings, conclusions or recommendations are those of the authors and do
not reflect the views of the Independent Electricity System Operator, its employees or its administration.
1Centre for Urban Energy, Ryerson University, Canada
2Department of Electrical & Computer Engineering, Faculty of Engineering and Architectural Science,
Ryerson University, Canada



13.1 Introduction

As localized energy solutions gain more attention, it becomes increasingly more
important that Community Energy Systems (CESs) be better understood so that
they can be designed and operated in a manner most beneficial to society. Inte-
grated CES combine electricity microgrids with other energy needs and fuels [1].
CES can take different forms depending on the local needs, resources, and con-
straints. For example, it could involve district heating systems comprising ‘‘pipes,
heating equipment, cooling equipment, heat exchangers, as well as the social
infrastructure for management and settlement’’ [2]. It could be operated in isolated
islanded mode, as would be more common in remote communities, or be grid-
connected—either under normal operating mode or during contingency situations,
using the grid as backup.

There are multiple potential purposes and benefits of CES. CESs are ideal for
serving remote communities in which infrastructure to deliver energy is not avail-
able or sufficient, and energy sources are available and accepted locally. These
could also include communities in the developing world, when transmission and
distribution infrastructure is sparse and prohibitively expensive to build. CES could
allow these communities to leapfrog over the building of transmission and dis-
tribution and instead go straight to local CES and microgrids, thereby enabling and
hastening economic and social development. This would mirror their progress in
communications technologies, where telephone landlines are bypassed, and con-
sumers go directly to using mobile devices. In the developed world, CES could be
useful for improving resiliency, reliability, and security. When the regional grid is
unavailable, local energy solutions could ensure that consumers’ needs are still met.
Furthermore, if the community is involved in the planning of CES, there is greater
social acceptance of the energy infrastructure and systems, thereby avoiding the
NIMBYism that has stymied large energy infrastructure projects.

Due to the localized nature of CES, it is critical for CES to be able to absorb
momentary fluctuations in supply and demand. This balance is more difficult for
small-scale systems like CES because there is a much smaller pool available to
absorb fluctuations. If the CES incorporates nondispatchable generation sources
such as wind or solar, this task becomes increasingly more challenging.

As CESs become less dependent on the traditional grid, communities will
increasingly need the ability to balance local generation with local loads. Con-
servation and demand management can play an important role in maintaining this
balance in certain situations. This chapter will explore the role of conservation in
CESs and suggest models to optimize desired outcomes.

Conservation can be a flexible and inexpensive resource to ensure the smooth
operation of CES. It does not require any significant capital infrastructure investments,
as a new power plant would, and could rely on existing smart grid technologies.

13.2 Role of conservation

Conservation can be used to maximize societal benefits by minimizing the capital
costs in CES.
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13.2.1 Definitions and terminology
Conservation and demand management can take various forms. Some key concepts
in the electricity context are summarized in Table 13.1.

In the interests of simplicity for this paper, the term ‘‘conservation’’ is used to
include all forms of demand side management outlined in Table 13.1. This will also
allow for a more comprehensive and holistic view of different demand side means
of achieving objectives, rather than having language and terminology restrict the
range of tools available.

13.2.2 Conservation goals and system philosophy
It is of paramount importance to first define the goals of the CES. Only after these
goals are clearly defined can conservation efforts be shaped to service those goals.
And then, conservation would be pursued only if it is the most favorable option to
achieve those goals. Therefore, in revisiting the underlying CES philosophy, the
authors propose the model, shown in Figure 13.1, in which conservation is a tool to
maximize societal benefit.

Figure 13.1 maps the underlying philosophy of CES with the overarching goal
as maximizing society benefit. This can be achieved through two channels: mini-
mizing service costs and maximizing service benefits. Service costs comprise fixed
costs and variable costs. Fixed costs can be lowered by more fully utilizing the
fixed asset base. Conservation can be a tool to flatten the load profile and dispense
with the need for the infrastructure serving the only peak levels—these are the
assets that cost the most and are used the least.

Traditional conservation programs tend to focus on the variable costs (through
behavioral change) and efficiency. This model focuses on the reducing fixed costs.

Table 13.1 Demand response, conservation, and energy efficiency for electricity

Reduce peak Reduce volume (total energy consumed)

Demand response Conservation Energy efficiency

Changes in electric usage in
response to financial signals

● Using less energy
● Usually behavioral

● Using energy more
effectively

● Usually technological
Can defer building new peaking

generation, transmission and
distribution infrastructure

● Can save on generation fuel costs
● Fixed costs still apply

Lower carbon emissions, since
peaking plants are typically
fossil fuels

Reduced emissions if displaced fuel is carbon-based

Demand-billed customers:
industrial, large commercial

Energy-billed customers:
residential, small
commercial

Both demand and energy-
billed customers

Requires measurement and
communication equipment

Usually education,
awareness programs

Usually incentives to
upgrade
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Conservation is one way to reduce peak. This can be achieved by shifting some
of the peak demand to nonpeak hours while keeping the total consumption con-
stant. Offsetting peak demand flattens the demand curve, maximizes the utilization
rate of current infrastructure, and lowers both costs and rates for consumers.

13.2.3 Proposed model
The basic premise of this model is that conservation would be targeted at the
most elastic (price sensitive) consumers only during narrowly defined peak
periods in order to increase utilization of fixed assets and drive down unit
costs. This would reduce the overall capacity requirements of the system, and these
savings would be saved among all users.

There are three fundamental elements of this conservation model:

1. Peak—Conservation at different times yield different results. Many of the
stated objectives of conservation, including infrastructure deferral and reduc-
tion of greenhouse gas emissions, require conservation to occur during peak
time periods in order to meet their objectives. The time at which conservation
happens is critical.

2. Utilization—The utilization of fixed assets—or the proportion of time over
which an asset is being used—can have a profound impact on consumer costs.

Variable
costs

Minimize service costs Maximize service benefits

EfficiencyFixed costs

• Marginal costs for
fuel/commodity

• Market rates for  
electricity and gas

• Capital costs for
infrastructure

• Delivery
• Overhead

Maximize societal benefit

Fuller utilization
of fixed assets

Lower commodity
consumption

Increase benefit per unit cost
• Technological advances (e.g.,

LED light bulbs, low-flow shower
heads, etc.)

• Pricing to ensure
resources/services are allocated
to the most productive outcomes

Smooth fluctuations
• Conservation
• Energy storage
• Demand response

Reduce use
• Traditional

conservation programs

Figure 13.1 Model of underlying system philosophy for electricity and gas
services
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Conservation, if not deployed carefully, could have the unintended effect of
lowering utilization, stranding assets, and pushing up rates for fixed costs.

3. Elasticity—Only the most elastic (price sensitive) consumers would be tar-
geted. This would ensure that conservation would be procured at the lowest
possible cost. Typically, the most elastic consumers on a system are industrial
rather than residential.

Conservation efforts during the peak times would be pursued only when

● Savings due to reduced or deferred infrastructure exceed the administrative
program costs (i.e., it passes a net benefits test)

● Conservation yields higher returns per unit cost than alternative means that
also shift demand (e.g., storage, demand response, etc.)

Through reducing peaks and maximizing asset utilization, multiple benefits can be
achieved. Unit prices would be lowered for all consumers in a sustainable manner
by reimagining our cost structure. System expansions could be deferred. Lowering
peak consumption adds a measure of control and certainty for including con-
servation and demand management in CES planning so that costly and unnecessary
overbuilding is less likely to happen. It also builds some flexibility into the system
as future supply and demand situations in CES are highly uncertain.

13.2.4 Utilization rates
This model aims to improve the utilization rates of fixed assets, thereby lowering
the unit costs borne by all consumers. The utilization rate is the percentage of time
that an asset is being used. Figures 13.2 and 13.3 depict the annual consumption
patterns for electricity and gas, respectively, at a system-wide level. These can be
scaled down to the CES level, but fluctuations would be expected to be more
pronounced and utilization rates lower. The dark grey areas approximately repre-
sent the times when the assets are being used, while the light grey areas are when
the assets are paid for but unused. Utilization rates are simply the dark grey area
divided by the dark and light grey areas combined.

The utilization rates for electricity in Ontario and gas in Ohio were calculated
to be approximately 55% and 34%, respectively. The ideal utilization rate is 100%,
however, that is not practical for regions like Ontario, where there are large sea-
sonal fluctuations in temperature. This model aims to move utilities closer to 100%,
and existing consumption patterns show that there is certainly potential for
increasing utilization rates.

The goal of the proposed conservation model is to both

● Increase the dark grey region and decrease the light grey region relative to each
other—that would lead to more efficient use of existing assets

● Lower the height of the shaded region—that would reduce the amount of fixed
assets needed to provide the service

For ease of calculations, the areas were computed using fitted curves of repre-
sentative frequency demand curves (i.e., annual demand data was reordered from
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largest to smallest). Also, utilization rates are ‘‘best case’’ figures as utility systems
are built with an additional buffer above the peaks to account for emergency cir-
cumstances. Further, no publicly available data for natural gas consumption in
Ontario was found, so Ohio was used instead.

13.2.5 Coincident peaks
Prime opportunities for integration of conservation efforts in CES are during
coincident peaks—namely, in winter for gas and electricity—in regions similar to
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Figure 13.2 Annual electricity frequency demand pattern in Ontario
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Figure 13.3 Annual natural gas frequency demand pattern in Ohio
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Ontario. Figure 13.4 shows the superimposed demand patterns of electricity and
gas consumption.

Peak days for electricity and gas depend on climate and weather. Generally,
the electricity peak demand day in Ontario occurs around the hottest or coldest day
of the year, depending on which season is more extreme. For natural gas, the peak
demand usually occurs on a cold winter day.

Further, peaks over the course of a day also coincide between electricity and
gas, Figure 13.5 shows the superimposed daily demand patterns for electricity and
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Figure 13.4 Annual demand patterns of electricity and gas
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gas. Both services experience bimodal peaks: once in the morning, and another in
the late afternoon and early evening.

Presently, it is common for utilities to offer customized energy audits for
industrial consumers. These audits could be enhanced by targeting coincident peak
periods. Existing audits are typically designed to reduce the overall volume of
consumption, whether it is through energy efficient light bulbs or better insulation.
These audits could also include measures to reduce consumption at system peak
times. Newer smart technologies are becoming more affordable and could present
new opportunities to automatically lower usage at peak periods. Special attention
should be paid to coincident peak times, namely, winter for gas and electricity, and
mornings and late afternoons/early evenings.

13.3 Implementation of conservation for CES

CES operators could use a combination of ‘‘carrots and sticks’’—incentives to
consume outside of peak periods, and disincentives to consume at peak times.

13.3.1 Disincentives to consume at peak times
A straightforward way to encourage conservation during the peak times is by
increasing the rate differential between the small number of peak hours and all
other times. This would encourage conservation during peak times and shift con-
sumption to times when assets have available capacity. Overall, utilization will be
improved, unit costs would decrease, additional capacity would be freed for new
consumption, and construction of new infrastructure would be deferred.

Rates could be designed so that the total costs to consumers are the same; what
matters is the relative prices between peak times and times when capacity is
available. This difference needs to be wide enough to encourage targeted con-
servation during beneficial times. As the peak decreases and utilization increases,
unit prices will lower for the entire buyer pool.

Traditional conservation programs target variable costs through volumetric
conservation. However, there have been limited efforts to directly encourage the
full utilization of fixed assets, which would lower rates for all consumers.

Community energy can be varied and take many forms in regards to the cus-
tomers it is serving [3]. Although conservation for higher utilization still applies,
implementation may need to be adaptable based on the consumers that are served
by a community energy supplier. If there are fewer high volume elastic consumers
or they are not present at all, different disincentives will need to be developed.

Capital costs can be borne by customers through a fixed charge, a variable rate,
a rate based on peak demand, or some combination of the three. For simplicity, we
assume that customers are charged a fixed charge in this section.

Minimize fixed charges ¼ PN � R

C

¼ P0 � DPð Þ � R

C
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where P0 is the peak system demand without using adjusted rates (MW for elec-
tricity; m3 for gas), PN is the new peak system demand using adjusted rates (MW
for electricity; m3 for gas), DP is the change in system demand using adjusted rates
P0 � PNð Þ (MW for electricity; m3 for gas), R is the rate of avoided capacity

($/MW for electricity; $/m3 for gas), and C is the total number of consumers.
To minimize the new rates to the remaining customers, DP should be max-

imized. (This assumes that customers all pay a fixed charge linked to capital
infrastructure.) In other words, the largest consumers of the service should be tar-
geted to curtail consumption during peak periods. This will result in minimizing
prices for society as a whole.

This can be achieved through a number of interventions, including rates (as
described in this paper), energy storage, or demand response. A traditional method
is a public appeal to curtail consumption. However, adequate reductions in con-
sumption cannot be guaranteed, and there is no economic incentive for curtailment
or disincentive for continued consumption.

The ideal level of DP should be derived from the value of no longer requiring DP

of assets to be built, owned, and/or maintained. One way of determining that rate for
peak users is assigning the value to keep those assets serving the peak to those users
requiring them to be in place. That way, the ‘‘user pays principle’’ will be upheld.

A sensitivity analysis can be done to find the optimal value of DP=P0 (i.e., the
percentage decrease in peak consumption). There will be declining returns as DP=P0

increases because targeted loads become less and less elastic (price sensitive).
This model could be designed to be revenue neutral. The purpose is not to

increase overall revenues to the utility, but to shift demand in order to avoid
building and maintaining infrastructure that is unused for much of the rest of the
year. Those savings can then be shared among all consumers through lower rates.
When applied to a community energy situation, the smaller consumer base requires
a smaller distribution network. In this case, the need to overbuild is lessened
reducing the need to shift demand as much.

13.3.2 Incentives to consume outside of peak times
Further to the ‘‘stick’’ approach of higher differential rates described in Sec-
tion 13.3.1, a ‘‘carrot’’ approach of encouraging demand during times of excess
capacity could be implemented. This could be in the form of lower rates, points, or
even periods when electricity or gas is free.

These are examples of similar existing programs that could be adapted to the
electricity and gas context in CES.

● TXU Energy, a utility in Texas, offers free electricity overnight [3]. Although
this program is motivated by managing the variable costs (rather than the fixed
costs), it still has the impact of lowering the peak.

● Enel in Italy offers incentives if customers limit their consumption below a
prescribed threshold during peak hours [3].

● Baltimore gas and electric gives credits to its customers for reduced con-
sumption during peak periods [3].
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Further, Bay Area Rapid Transit, the public transportation authority in San
Francisco, is testing a new program that would award riders points for using public
transit during off-peak periods [4]. These points could then be redeemed for small
cash rewards. This concept is transferrable to electricity and gas.

13.3.3 New managed system demand patterns
The combination of disincentives to consume at peak periods and incentives to
consume outside of peak periods would modify system demand patterns to lower
the peaks and raise the troughs.

To show how this might look in practice, we assume that seasonal variations
would persist since services will still be required for heating and cooling, however,
there could be opportunity to shift consumption over the course of a day.
Figure 13.6 depicts an illustrative example if 1% of the peak load were shifted on
July 13, 2013 for electricity in Ontario. The 25,000 MW peak would then be
lowered to 22,500 MW, freeing up 2,500 MW in capacity.

Ontario’s Independent Electricity System Operation (IESO) pegs avoided
capacity costs at system peak at $3.83/kW-year for transmission and $4.73/kW-
year for distribution [5]. Therefore, a 2,500 MW reduction in capacity would
translate to $21.4 million a year.

To create the graph in Figure 13.6, the hourly consumption of the peak demand
day was plotted along with the average for that day. The portion of the curve above
the average was lowered to achieve a desired peak reduction—in this case, by 1%.
This reduction was offset by raising the segment of the curve below the average by
the same amount. In this way, the total consumption and average are kept constant,
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Figure 13.6 Illustrative example of potential for peak reduction of Ontario
electricity demand
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but the time of consumption changes. In Figure 13.6, Area 1, the area between the
actual and reduced curves above the average is equal to Area 2, the areas between
the actual and reduced curves below the average.

Figure 13.7 shows an illustrative example of the same conservation model
applied to natural gas.

Data to create the gas graph was extrapolated from related sources [6]. Fur-
thermore, these are idealized graphs; in practice, the energy curtailed (Area 1) and
the energy increase (Area 2) could differ due to losses from storage technologies.

It should be noted that peak usage occurs for a very small fraction of time, but
infrastructure is built to accommodate this peak. This small peak period is when
conservation should be targeted. The frequency distribution of Ontario electricity
demand was also plotted using IESO power data [7] in Figure 13.8. The graph
shows that approximately 12% of capacity is used for 1% of the time.

A variation on this model is to target only the large volume users (e.g., top 5%,
10%, or 25% of the market) with peak pricing as they are more likely to be elastic
(i.e., responsive to price). This can also ensure that rates for low volume users,
which usually include vulnerable customers such as people with low-income and
seniors, will be lower.

While the examples are shown for the Ontario-wide system, similarly shaped
graphs can be created for CES at a much smaller, localized scale.

13.3.4 Implementation
Implementation of this conservation and demand management model can take
different forms. Declining costs for emerging technologies such as smart grid and
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energy storage allows for a greater range of feasible solutions. Possibilities
include

● Energy storage—Storage units strategically located downstream of assets
nearing capacity are ideal for the proposed conservation model. During peak
times, the storage unit can discharge, thereby alleviating the peak demand.
During off-peak times, the storage unit can recharge, thereby increasing utili-
zation. Examples of storage units of electricity include batteries, flywheels,
and gravitational devices. For gas, a simple tank or reservoir could work.

● Smart grids—Intelligent devices that can measure, respond to, and commu-
nicate data can be used to manage conservation and demand. These would
facilitate demand reductions during peak times by communicating higher pri-
ces or incentives to curtail. During off-peak times, additional consumption
could be encouraged through lower prices or other incentives. Also, it is not
necessary for the same consumers who respond during these two periods;
different consumers can respond, so long as they are all downstream of the
system bottleneck they are trying to alleviate.

● Audits for industrial consumers—Utilities often offer engineering audits for
their large industrial customers to assist in conservation. However, these audits
are usually performed independently for electricity and gas, and they typically
look at volumetric reductions. There is an opportunity for integrating these
audits by conducting the audits for both electricity and gas together, thereby
ensuring that conservation in one service will not inadvertently increase con-
sumption in the other. Furthermore, these audits could be improved by intro-
ducing a time element and targeting conservation at peak periods.
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Figure 13.8 Frequency distribution of Ontario electricity demand
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13.3.5 Future scenarios
This model is designed to withstand different future scenarios. Planning for future
demands of electricity and gas is extremely difficult, and this complexity is com-
pounded for CES since smaller pools have less ability to smooth over deviations
from forecasts. Most long-term forecasts by central authorities have been inaccu-
rate. The costs of these inaccurate forecasts are borne by all users through rates due
to overbuilding or service interruptions due to underbuilding. Therefore, it is
important to design models that are nimble and flexible. Table 13.2 shows various
upward and downward pressures on future demands for electricity and gas.

Should demand increase, this model is a way to delay new construction by
using existing infrastructure more efficiently. Should demand decrease, then this
model would enable the decommissioning of unused, expensive assets. Should
demand remain relatively constant, the asset base would stay the same.

13.4 Conclusions

Conservation can be used as an effective tool to maximize societal benefit by
enabling fuller utilization of fixed assets in CES. This managed demand would ease
operation of small-scale CES and lower long-term costs by deferring infrastructure
investments.

This model targets conservation at the most elastic (price sensitive) con-
sumers only during narrowly defined peak periods in order to increase utili-
zation of fixed assets and drive down unit costs. This would reduce the overall

Table 13.2 Pressures on future demand for electricity and gas

Upward pressures Downward pressures

Electricity ● Increased use of electric vehicles
● Switching from gas to electricity

for heating
● More extreme weather from

climate change requires more
heating and cooling

● Growing population

● Technological advances and
improved energy efficiency

● Economy transitioning from
manufacturing to knowledge-
based activity

● Higher electricity prices
● Increasing distributed

generation
● Spread of energy storage and

microgrids
Gas ● More extreme weather from

climate change requires more
heating

● More district heating systems
● Growing population
● Lower gas prices

● Switching from gas to elec-
tricity for heating

● Technological advances and
improved energy efficiency

● Growth in geothermal heating
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capacity requirements of the system, and these savings would be saved among all
users.

The three key elements of this conservation model are

1. Reducing peak consumption to lower total fixed costs
2. Maximize utilization in order to lower rates for fixed costs
3. Target conservation at the most elastic (price sensitive) consumers so that

conservation is procured at the lowest possible cost.

Conservation programs typically focus on the variable costs—the market rates for
electricity, or volumes for gas and water—and not the fixed costs. But these fixed
capital investments can be quite significant. Conservation can be used to ensure
that existing fixed assets are used optimally and that utilities do not build more than
is needed. Savings can then be passed onto all consumers in the form of lower rates.

Demand can be managed through ‘‘carrots and sticks’’: incentives in the form
of lower rates or rewards during periods outside of peak times; and disincentives in
the form of temporarily higher rate differential during very narrow peak periods.
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