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ABSTRACT

Large-scale natural disasters can severely damage the energy and water
infrastructure, leading to disruption of services. In addition to raising
possible health risks, lack of access to electricity and water can impede
or prolong recovery from the disaster. To be resilient against such
events, the electric power grid and the water distribution network must
be able to continue operating with minimal impact on end-users and with
constricted costs. Naturally, one approach is to reinforce the energy and
water infrastructure against natural hazards. However, this may be cost-
prohibitive or even infeasible. An alternative solution is to allocate
sufficient localized resources such that these networks can continue
operating at a decentralized scale until the main network is repaired and
restored. In this paper, a solution is proposed to design a localized water
and energy system that can serve a community affected by a natural
disaster, with little external support. An optimization model is developed
to optimally allocate resources, e.g., distributed energy resources and
water storage capacity, based on the needs of the community and subject
to operational constraints. Such decentralized systems can significantly
improve the resilience of the energy and water networks and assist
affected communities in the aftermath of disaster events.
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I. INTRODUCTION

In recent years, the changing climate and the rising global
temperatures have led to an increase in the frequency and
severity of natural disasters [1], [2]. Damages incurred by
these events significantly impact the livelihood of the
communities affected, and in addition to often long-term
economic consequences, may lead to serious mental,
emotional, and physical health issues [3]-[6]. Depending on
its severity and scope, a natural disaster may cause serious
damages to the critical infrastructure such as roads, electric
power grid, water network, and telecommunication systems.
Lack of access to these basic services can significantly impact
the health and wellbeing of the residents in the affected
regions and disrupt disaster recovery -efforts. While
evacuation is one option, it may not be easy (e.g., in densely
populated urban areas), feasible (e.g., due to lack of access to
transportation means), or desirable (e.g., for residents with
financial concerns or health or disability issues) [7]. Socially
vulnerable communities are in particular disproportionately
affected by the social and economic impacts of natural
disasters [8], [9], which can act as a vicious cycle since the
subsequent poverty can further increase the population’s
vulnerability to future natural hazards [10], [11].

Among all essential services, access to power and water is
the most critical one due to the many everyday life activities
that depend on availability of electricity and clean water. In
addition, these services facilitate preparedness, response, and

DOLI: http://dx.doi.org/10.24018/ejenergy.2022.2.4.76

recovery during and in the aftermath of a disaster. While
reinforcement of power and water networks is certainly an
option to improve civic resilience, in many instances it may
be cost-prohibitive or even infeasible. An alternative option
is to introduce operational flexibility by allowing the system
to operate in a decentralized fashion, for instance in the form
of electric microgrids or water micronets. The electrical
microgrid is a well-known concept in power distribution
systems in which part of the grid can island from the main
network and operate in a standalone mode upon need.
Although microgrids have shown to assist with improving
power quality and reducing losses, their main advantage lies
in their ability to decouple from the main grid during large-
scale disturbances and continue to supply the loads locally
[12]-[14]. The key operational challenge however is to ensure
that the microgrid can maintain its load-generation balance at
all times and that it is equipped with sufficient reactive power
support for voltage control. Similar to the concept of an
electric microgrid, a water distribution network can be broken
into smaller connected sub-systems, known as a micronet
[15] with the capability to separate for standalone operation
upon need. Naturally, components in the micronet need to be
sized and placed strategically to ensure a smooth flow of
water from source to demand points at all times. Just as
microgrids need distributed energy resources (DERs) to
operate, a micronet needs water sources in the form of either
a storage tank/water reservoir or a wastewater treatment plant
(WWTP) that treats wastewater for potable reuse. The flow
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of water between the lower elevation points and the higher
points are maintained by water pumps (whereas gravity is
used for the reverse flow). Power for these pumps must be
provided by the energy sources within the electric microgrid.
Similarly, to treat wastewater, the WWTP needs electrical
energy to be supplied by the microgrid.

The problem of microgrid design and operation has been
studied extensively in the literature, especially when
equipped with renewable energy resources and batteries [16]-
[19]. In such systems, the presence of a battery is crucial to
ensure that the excess generation of wind and PV can be
stored for future use when the renewable energy resource is
not available. Many researchers have developed solutions for
computing the battery size for a microgrid, in coordination
with intermittent renewable resources [20]-[26]. Design and
operation of micronets can be done in a similar fashion.
Solutions have been proposed in the literature for optimal
operation or planning of the water distribution network, e.g.,
for optimal pump scheduling to minimize operation cost [27]-
[29] and finding optimal sizes for tanks and pumps [30], [31].
WWTPs may also need to be utilized in order to meet the
growing need for water in some communities [32], [33],
especially in arid regions. Some researchers have focused on
solutions to optimize the operation of the WWTP [34], [35].
While power and water networks have been traditionally
studied in isolation, in recent years, the coordinated operation
of the two, in the form of an energy-water nexus, has gained
much attention [36], [37]. A benefit in combining the two
systems into a single framework is that excess power
generation (during times of low demand) can be utilized by
the water network to avoid curtailing the otherwise useful
energy [38]. In addition, combined operation of power and
water networks allows for alleviating the volatility in the
renewable energy resource as shown in [39], [40].

In this paper, the problem is viewed from a different angle,
i.e., community resilience against natural disasters. It is
desired to optimally allocate resources for a combined
microgrid-micronet to enable its standalone operation should
the main networks to which it is connected (i.e., the power
grid and/or the water distribution network) become damaged
and nonoperational due an external event. Sustainability is a
cornerstone of the proposed approach, both from an economic
perspective (i.e., lowering the cost of purchasing power or
water from external sources) as well as practicality (i.e., road
access to the community may have been lost due to the natural
disaster). While this is intended for temporary situations, for
instance until the repairs to the main grid or the water network
are completed, it can be envisioned that such models may be
deployed for remote communities in arid regions. The focus
of the design problem addressed in this work is on
determining the optimal sizes of energy resources (i.e., wind
turbine, PV, and battery) and water storage tank for the
community. This is done while considering the typical
demand profiles for both water and energy, considered under
worst-case conditions. The community battery is intended to
absorb the excess generation from wind and solar resources
to later use them when the energy resource is not available.
Finally, while electric load shedding is considered to be a
possible option for maintaining the stability of the microgrid,
its use is desired to be minimized.

The rest of this paper is organized as follows. Section III
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details the proposed mathematical model. Section IV presents
the solution methodology adopted and the input parameters
necessary to solve the model. In section V, a case study is
presented and analyzed for proof-of-concept purposes.
Finally, conclusions are highlighted in section VI.

II. PROBLEM FORMULATION

A. Preliminaries and Assumptions

We consider a small-scale residential community exposed
to natural hazards. It is assumed that the severity of potential
hazards is such that the main power grid and/or the water
network from which the community is supplied may become
temporarily unavailable. To improve resilience, it is desired
to operate the community network as a combination of an
electrical microgrid and a water micronet. The main objective
in this paper is to propose an optimal resource allocation
strategy for this microgrid/micronet system such that all
energy and water needs are, as much as possible, met with the
lowest capital investment. The daily consumption profiles for
power and water are assumed known, e.g., from historical
data. The options to consider for local energy needs are a
community battery, a solar PV system (deployed mainly as
rooftop PV), and wind turbines. Further, it is assumed that the
community’s local water network consists of a water storage
tank and a WWTP that allows for (partial) water reuse.
Further, it is assumed that no external energy resources are
available (for instance, connection to the main grid).
However, purchasing water from external sources is an
option, although not desired. The latter assumption is made
since water losses are inevitable and as a result, operating as
a fully closed micronet is not practical. Utilizing technologies
such as rainwater catchment systems is another option but is
considered out of scope in this paper.

B. Mathematical Model

The design problem is formulated in the form of a
constrained multi-objective optimization model as outlined
below. The sizes of the energy and water resources are
determined in such a way that the demand profiles (power and
water) are met with the least amount of load curtailment.
Often, to ensure a robust design capable of handling various
uncertainties, the average consumption profiles are converted
into worst-case conditions. We do not distinguish between the
two because the choice of average versus worst-case
condition does not affect the generality of the problem.

1) Objective Function

At the high level, it is desired to minimize the design cost
of the system (i.e., the sizes of the energy and water
resources) while ensuring an acceptable quality of service.
The optimization model is formulated in the form of a multi-
objective one, where the Pareto optimal solution is sought
through a goal programming approach. There are six
objective functions to be optimized, as outlined below.

BT,cap PV,cap WT 1
poe, pte M
J

min
ST,cap w des
v Vo, Z[l)z _zpi,l]
+

teT ieC

The first two terms in (1) represent the sizes of the
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community battery and the solar PV system, respectively.
The third term indicates the number of fixed-capacity wind
turbines installed. Unlike batteries and solar PV, where the
sizes can be continuously varied, wind turbines typically
come at standard sizes. Instead of varying the diameter of the
turbine rotor, it is assumed here that the number of turbines is
the variable to be minimized. The fourth term represents the
size of the water storage tank, whereas the fifth term denotes
the volume of water purchased from outside sources, which
is desired to be minimized. Finally, the last term in (1) is used
to ensure that, as much as possible, electric demand is met at
the desired levels.

2) Constraints

The multi-objective optimization problem in (1) is solved

subject to the constraints listed below.
a)  Power Balance

The key operational requirement for the microgrid is the
load-generation balance. Because this is a design problem,
our goal is to ensure that available generation capacity
exceeds electric demand, as indicated in (2). This necessitates
a capability to curtail the excess wind and/or solar power (see
section V for related discussion).

VteT: 2)

2P +p 2y p A p o

J ieC

Power generation from each wind turbine depends on the
wind velocity and the characteristics of the rotor [see (3)].
The amount of power generation from the solar PV system
depends on the installed capacity as well as the available solar
irradiance. Naturally, the former would be limited by the
maximum permissible amount [see (4)]. Equations (5)-(10)
indicate the operational constraints of the battery. At any
point in time, the battery can be either charging or
discharging, but not both [see (5)]. The upper bound for
charge/discharge power is limited by the installed capacity of
the battery, as indicated in (6)-(7). The state-of-charge of the
battery at any point in time depends on its value at the
previous time step, adjusted based on the amount of charge or
discharge at that point in time [see (8)], and its value must
always lie within the acceptable lower and upper limits [see
(9)]. Further, it has been assumed that at the first time-step,
i.e., beginning of the dispatch period, the battery had been
charged to its lowest permissible level, as indicated in (10).

la-p,-AY"-w 3)
. LW _ L a j t o WT
Vi,VteT:p;, —2—1’000 S
VieT: p[PV _ va’Cap q)qs);c , PVeap o pPVamax 4)
VeeT:u ™ +u’™ <1 (5)
vt e T : 0 < ptBT,d < pBT,caputBT,d < pBT,maxutBT,d (6)
vt c TOS ptBT,c < pBT,caputBT,c < PBT,maquBT,c (7)
VteT: (8)
BT,c c BT.,d
pont p
SOC, =(1-y)-SOC,, + F’,BT’Cap - ndéBT’cap
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Vi eT:SOC™ <SOC, < SOC™ ©)

SOC. =SOC (10)

min

b)  Demand Curtailment

Load curtailment may need to be performed to ensure that
balance between generation and demand is always met.
Naturally, reducing demand beyond desired levels introduces
inconvenience for the consumers, which is why its
application must be regulated. The last objective function in
(1) tries to achieve this at the microgrid-level. However, in
addition to this, consumer equity requires that no subset of
users is disproportionately affected by load curtailment. This
is achieved by constraints (11)-(13). A consumer will be
experiencing load shedding if the generation in system is
smaller than the demand at that point in time. But the number
of times during which each user experiences this must be
limited [see (11)]. Moreover, the total amount of load shed
experienced by each consumer during a dispatch period
should not exceed a certain percentage of its overall desired
demand during that same period [see (12)]. Finally, constraint
(13) ensures that actual demand supplied to a consumer is not
more than its desired demand. Also, when load shedding is
not required for a consumer, constraint (13) prevents the
formulation from incorrectly assigning more power demand
than their desired level in case the total power generation in
the microgrid exceeds the total system demand. In other
words, constrain (13) will divert excess power to the battery
system for charging purposes.

L (11)
Vie C:Zuu <N*

t=1

T T (12)
VieC:) (P -P,), <k"-) P%

t=1 t=1
VieCVteT:P, =P -(1-u,) (13)

¢)  Water Demand

At any point in time, the total amount of water flow
provided by the storage tank to the community should equal
the total water demand, which is a sum of individual
consumers’ demands [see (14)]. Flow through pipes that are
feeding users is limited by the maximum allowable rate, as
indicated in (15). Without loss of generality, it is assumed that
at the beginning of the dispatch period, the tank is at least
filled to the level of VST™i Although more water may be
available if purchased from external resources [see (16)].
Equation (17) indicates the water flow balance of the tank,
which depends on the starting volume, and the inflow/outflow
to/from the tank at any point in time. The volume of water in
the tank should never exceed its installed capacity, itself
limited by the maximum permissible value [see (18)]. It is
assumed that the tank is located at a higher elevation than the
community, hence water can naturally flow without a need
for a pump. This assumption does not affect the generality of
the problem, i.e., if the tank is located at a lower elevation,
power consumption of pumps that are needed to transfer
water to individual houses must be incorporated into (2).
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VieT: ) q,=¢"" (14)
ieC

VieCvteT:q, <q™ (15)

vOST — VST,min +VW (16)

Vt = T : vtST — V[Sj; +thw,out .A_thT,out A (17)

\v/t c T : VST,min < VZST S VST,cap < VST,maX (18)

d)  Wastewater Treatment Plant

It is assumed that the WWTP can treat the incoming batch
of wastewater during one time-step, i.c., one hour. This has
been chosen for demonstration purposes only and does not
affect the generality of the problem. A certain fraction of
water discharged from the consumers is collected at the
WWTP to be treated, i.e., not all the water is recycled [see
(19)]. Equation (20) reflects the initial volume of fluid in the
WWTP. In general, the volume of wastewater depends on the
amount of inflow to and outflow from the plant [see (21)] and
cannot exceed its capacity, as indicated in (22). The amount
of power consumed for treating the wastewater and pumping
it to the reservoir is assumed to be proportional to the volume
of wastewater treated, as shown in (23). Similar to before, it
has been considered that the WWTP resides at a lower
elevation than the storage tank.

VieT:g™" =k™> q,, (19)
ieC

v:vw — wa,min (20)

VteT: (21)

thW — Vtv‘:\;V +thw,in .A_thw,out 'A_thw,eff A

Vi eT: VIt <y gy (22)

Vt c T : ptww — (wa +Ppump) 'thw,out A

III. MODELING APPROACH

A. Estimation of Electric Power Demand

The first step in the analysis is to identify the electric
demand to be served. This will be one of the inputs to the
optimization model. Typical consumption data for residential
consumers was taken from [41], which contains hourly load
profile for residential buildings in all Typical Meteorological
Year (TMY?3) locations in the United States and provides one
year of hourly data that best represents median weather
conditions over a multiyear period for a particular location.
Load data is derived based on the Residential Energy
Consumption Survey (RECS) for different building types by
location. For this study, the city of Golden, CO was selected.
Assuming a community consisting of 10 residential units, the
individual demands are illustrated in Fig. 1.
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Fig. 1. Average hourly demand (kW) in the community of 10
residential consumers. Time-steps 1-24 represent the 24-hour study
period.

To estimate the electric demand at the WWTP, historical
data on power consumption of different electromechanical
components in a typical WWTP are used. This data is taken
from a WWTP located at Mines Park in Golden, CO, which
has been used by the authors for research purposes. The
system consists of bioreactors and membrane tanks, which
together process one batch of wastewater (1.22 m®) over a
two-hour period. A grinder pump is used to fill the bioreactors
with incoming wastewater from the residential households.
The bioreactors are equipped with electromechanical devices
(air blowers and mixers) to treat the incoming wastewater
(i.e., the air blower supplies oxygen to the wastewater and the
mixer stirs the fluid to facilitate the necessary biochemical
reactions). After being processed, the fluid is pumped via a
RAS pump to the membrane tanks where small membranes
filter the waste with the help of air scour blowers. Clean water
is then pumped out of the membrane tanks (and the WWTP)
via permeate pumps. Table I lists the nominal power
consumption rate of these devices. A total of 5.55 kWh is
used to treat 1.22 m* of wastewater, i.e., 4.55 kWh per 1 m>.

TABLE I: ENERGY CONSUMPTION OF THE WWTP COMPONENTS TO TREAT
ONE BATCH OF WASTEWATER (1.22 M)

Energy Consumption

Component (kWh)
Grinder pump 0.10
Blower 1.14
Mixer 1.12
RAS pump 1.38

Air Scour Blower

(ASB) 1.49
Permeate pumps 0.53
Total 5.55

B. Solar Irradiance and Wind Speed

The size of the solar PV system and the number of wind
turbines needed depend on solar irradiance and wind speed
data. Data for the city of Golden, CO is obtained from the
National Renewable Energy Laboratory [42], [43] (Fig. 2).
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Fig. 2. Wind speed and solar irradiance data associated with the study area.

The size of the PV system is estimated based on the
standard available PV panels in the market, which are rated
at 250-350W capacity and measuring 1.5mxlm in size.
Assuming an average total roof size of 185 m? (2,000 sq. ft.)
for typical residential houses in the US [44], each residential
unit can in theory make 92.5 m? (1,000 sq. ft.) of space
available for installing rooftop PVs, i.e., equivalent to one
roof (or one side). Considering the 1.5 m? (16 sq. ft.) area for
one solar panel, this adds up to approximately 62 panels per
house, producing around 18.6kW (with 300W per panel).
This is equivalent to a maximum 186 kW of rooftop PV
capacity for the 10 customers in the community. The
maximum permissible size for the PV system is increased to
250kW for the entire community to account for houses with
larger than average roof sizes and/or potential areas for a
community solar garden. The size of the possible wind
turbine is estimated based on the average wind speeds
available in the study area. It is assumed that the community
may install two types of wind turbines, i.e., turbines of size
300 kW with a 31m diameter rotor [45] and/or of size 5.5 kW
with a 4.3m rotor diameter [46]. While the latter is more
suitable for community generation, the latter can be installed
at individual houses. Depending on the energy needs of the
community, a combination of the two turbine types may be
installed. Both PV and wind power generators depend on
energy resources that are intermittent in nature. When there
is insufficient energy available from these sources to supply
the demand, a community battery may be used to ensure the
power balance within the microgrid. Energy storage solutions
come in different sizes. For this study, a maximum possible
capacity of 200 kW is assumed for the battery.

C. Water Demand of the Community

Water demand for the households is estimated based on the
hourly occupancy profile of each household and average
water consumption per person. It is assumed that occupancy
levels are known or can be derived from historical data
available from the community. The water demand for each
user is estimated to be 0.37 m® (100 gallons) of water per day
as provided by U.S. Geological Survey (USGS) [47]. The
average hourly occupancy profile and water consumption
levels of residential customers are provided in Fig. 3. Based
on a worst-case occupancy of 3 (for each of the 10
households) and at least 0.1 m? of water necessary to ensure
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basic daily needs (per person per day, according to WHO),
the minimum volume of water to be stored at the storage tank
is considered to be 3 m®. Naturally, these numbers are chosen
for demonstration purposes and can be changed upon need.

Occupancy

''''''''''' —#— Low Occupancy
‘e = = = *High Occupancy

w

N

Average Occupancy

o
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@
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(o2
-
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N E
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Fig. 3. Hourly average occupancy and water demand for community
households.

The size of the water pump required at the WWTP is
estimated as in (24) [48]:

_ p g 'thw,out . H (24)

n

It is assumed here that the water distribution system is
already in place and able to supply an average flow rate of
0.0007 m3/s per house (or approximately 11 gallons per
minute (GPM), which is estimated based on the assumption
of a maximum of 2.2 GPM for 5 faucets in the house located
in bathrooms, kitchen, shower, and laundry area as per the US
EPA’s standard [49]) at 41 m water head (approximately 60
pound per square inch (PSI) or 414 kPa water pressure).
Hence, the total head from WWTP to storage tank needs to
be at least 41 m. With these values, a pump system with a
power rating of 4.022 kW (5.39 hp) is chosen. This implies
that the pump would consume 0.21 kWh per unit volume of
water lift at that pressure. This number is close to the 0.19
kWh/m? requirement of water pumping provided in [50].

Py

D. Multi-Objective Solution Methodology

The optimization model proposed in this paper is a multi-
objective one and is solved using the Chebyshev Goal
Programming (CGP) approach. The problem can be
expressed as follows, where objectives O1 through Os are the
size of the community battery, size of the solar PV system,
number of wind turbines, size of the community water storage
tank, amount of water to be purchased from outside sources,
and amount of load shed, respectively [see (1) for details].

6 (25)
min{ﬂwZe%}

q

Subject to:
26
Vq: S <A (26)
G

q
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0,-s,<G, (27)

Vq:s,20 (28)

In these equations s,’s are deficiency variables that allow
objectives to deviate from the user defined goals (targets) Gy
[see (27)]. However, the amount of the deviation must be
minimized, as indicated in (26). Variable A is an auxiliary
decision variable that provides an upper bound on the
normalized deficiency variables. The objective in this
combined model is to simultaneously optimize all objective
functions so that their respective deviations from their target
values are minimized.

IV. CASE STUDY

A. Simulation Results

In this section, objective function (25) is solved subject to
constraints (2)-(23) and (26)-(28) for a community of 10
residential units, with electricity and water demand profiles
as in Figs. 1 and 3. The proposed optimization model is
solved using General Algebraic Modeling System (GAMS)
software using an Intel® Core™ i7-8§750H CPU @ 2.5GHz—
2.21GHz desktop computer. The optimization model was run
multiple times with an average convergence time of
approximately 28 minutes, median convergence time of 28
minutes, and standard deviation of 1.16 minutes.

To solve the CGP model, the following approach is
adopted: Each objective function O, is first solved in
isolation, i.e., ignoring other objectives, to find its true
optimum value. These values (subject to a slight
deterioration) are then used as the goals (targets) to be met in
the multi-objective setting. In cases such as this study, where
the objectives are contradictory to one another, the goals are
normally never met.

As relates to the design of the wind energy system, two
options are considered: (a) using a maximum of two large
wind turbines, each of capacity 300 kW or (b) using a
maximum of one large wind turbine of capacity 300 kW and
up to 40 small wind turbines of capacity 5.5 kW each.

1) Case Study 1: Two Large Wind Turbines

Table II lists the results of solving the single objective (SO)
optimization models. In each case, only one objective
function is optimized, while the other functions are free to
assume any value. It appears that in this example based on the
corresponding numerical data, wind and solar PV can
generate sufficient power to meet the demand during most
time-steps, which explains why there is little need for energy
storage. Regardless of what objective function is being
optimized, the number of wind turbines to be installed always
remains at 2. This is because without the wind power, the
energy needs of the community cannot be met since the
battery is not sufficiently charged in the early morning when
there is no solar power irradiance available either. Naturally,
since the problem is solved over time, the worst-case scenario
(e.g., hours of especially low generation or especially high
demand) would always dominate the design solution.

The single objective optima, i.e., cells highlighted in Table
II, are then used as the basis to determine the goal (target)
values for the multi-objective model. As is common for goal
programming models with contradictory objectives, each SO
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optimum is slightly deteriorated (typically 10%, except for
the integer values) before it is set as the goal (target). Table
IIT summarizes the results. It can be seen that all objective
functions worsen in the multi-objective (MO) setting
compared to the single objective one. This is expected due to
the conflicting nature of the objectives.

TABLE II: SINGLE OBJECTIVE (SO) OPTIMIZATION RESULTS IN CASE

STUDY 1
< Q

¢ 9 228 289 TQ glLs5f

a o —_ o 23
Min oF 22 F5% S%z 82z 2g:2%

25 "¢ 25% SEE TAE 2z iig

— & N & 8 2 % = an o g =4
O 6.84 250 2 200 197 5.53 10
02 10.60  19.5 2 200 197 9.76 10
03 10.07 250 2 200 197 5.03 10
O4 10.64 250 2 144.32 14132  5.36 10
Os 10.71 250 2 200 14132 5.36 10
Os¢ 10.60  20.1 2 200 197 3.37 7

TABLE III: SO AND MULTI-OBJECTIVE (MO) VALUES IN CASE STUDY 1

L . SO Goal (Target) MO
Objective Function Optima Values Optima
O1: Battery size (kW) 6.84 7.52 9.24
O2: PV size (kW) 19.45 21.40 25.54
Os: Number of wind
turbines deployed 2.00 3 2.00
Oa: Water.storage tank 14432 155.75 193 86
capacity (m3)
Os: Water purchased (m3) 141.32 155.45 190.86
Os: Total load shed (kW) 3.37 3.71 4.13

The design problem converges to a solution in which both
wind turbines are installed, in addition to a solar PV capacity
of 25.54 kW and a battery capacity of 9.24 kW. Fig. 4
illustrates the total amount of power available from different
energy resources as well as the overall generation and
demand. There is slight excess generation at some hours,
which are either curtailed (e.g., during time-steps 12-15) or
used to charge the battery (e.g., during time-step 20).
Alternatively, the curtailed power could have been stored in
the battery, however, that would have required a larger size
battery which is not desired. Fig. 5 illustrates the charging of
the battery at time-step 20 to its rated capacity to then
discharge at time-step 24.

Fig. 6 illustrates the hourly balance between generation and
demand, as well as the instances of load shedding. There is
an increased power demand for the WWTP during time-steps
10 to 22 as it is treating the water and pumping it into the
storage tank. The decrease in WWTP level during time steps
10-18 and 20-23 and the increase in water level in the storage
tank during these times denotes the pump operation to supply
the water needs of the community (Fig. 7). There is little or
no power consumption during other time-steps by the WWTP
because the tank supplies clean water to the community via
gravity. Because of this, the size of the tank must be large
enough to store sufficient water for a longer period of time.
As the community consumes water for daily activities, the
volume of water in the storage tank and the WWTP undergo
variations. As per the solution in Table 3, a storage tank of
size 193.37 m® (approximately 51,082 gallons) is required to
meet the water demand in the community over a 24-hour
period. In addition, the community needs to purchase 190.37
m? of water each day in order to adjust the balance.
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As per the design criteria, each customer may experience
load shedding for only 1 time-step throughout the study
period (or only for 1 hour a day). This indicates a maximum
of 10 load shedding instances. As shown in Fig. 6, three
customers experience load shedding during time-step 1, four
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during time-step 2, and one during time-step 24, for a total of
8 load shed instances. These were necessary to maintain
balance between load and generation.
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2 4 6 8 10 12 14 16 18 20 22 24
Time step (hour)
WWTP water flow

s
o
e
2
e
2
o s s I T
e * - *
2 4 6 8 10 12 14 16 18 20 22 24
Time step (hour)
a Water volume
E 200
uE) I Water volume in ST
g 100 = = = *Water volume in WWTP
>
&
® ol— . . . : .
= 2 4 6 8 10 12 14 16 18 20 22 24
Time step (hour)

Fig. 7. Hourly water flow in and out of the storage tank (top) and the
WWTP (middle), and the variations in volume of water in the storage tank
and the WWTP (bottom) for case study 1.

2) Case Study 2: One Large Wind Turbine and Up to 40
Small Wind Turbines

In this case study, it is considered that that wind energy
system may consist of up to one large turbine (300 kW) and
up to 40 small scale turbines (5.5 kW), i.e., a maximum of 4
small turbines installed at each residential unit. Other
resource capacities, e.g., solar PV size and battery size, are
similar to case study 1. Table 4 presents the results of the
single objective problems. The overall solution is presented
in Table 5, where a combination of one large wind turbine, 35
small turbines, a battery storage system of 9.40 kW, and a
solar PV system of size 42.41 kW are needed to supply the
energy needs. Because the total theoretical capacity available
from this combination of turbines is less than that of case
study 1, it can be seen that the required sizes of the solar PV
and battery slightly increase.

TABLE IV: SINGLE OBJECTIVE (SO) OPTIMIZATION RESULTS IN CASE

STUDY 2
o
o o 8¢z _S =
g2 % @éa;éé@/\?;&?é_]gg
Minimze »F ZZ 23Z 3%z 522 28 7o
— ~ 2] o ’5 —~ = 8 ~ =4 : 5=
25 T§ REzsEe £ Zg Ee
O 9.36 250 40 200 197 5.21 10
02 10.72 323 40 200 197 6.65 10
O3 10.86 250 27 200 197 491 10
O4 10.72 250 40 146.1 143.13  5.05 10
Os 10.72 250 40 200 143.13  5.05 10
Os 10.76  32.6 40 200 197 43 9

*The large wind turbine is always selected to be deployed.

B. Discussion

In general, the choice of energy resources and their
corresponding sizes depends on both the demand profile
(electricity and water) as well as the profiles for wind and
solar energy. To be robust against data uncertainties, worst-
case scenarios can be considered, i.e., overestimating demand
while underestimating wind/irradiance. This poses a tradeoff
between the cost of deployment and the level of reliability
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achieved within the microgrid-micronet system. Given the
nature of the problem, i.e., resilience during natural disasters,
it may be more appropriate to consider average profiles for
demand and generation, as opposed to the worst-case
scenario, in order to arrive at a more economical solution.
However, it is also possible to consider the latter to achieve
higher reliability levels. Such an over-designed system is
likely to have excess generation during normal operation,
which can be sold back to the utility in order to compensate
for the higher initial investment.

TABLE V: SO AND MULTI-OBJECTIVE (MO) VALUES IN CASE STUDY 2

L . SO Goal (Target) MO
Objective Function Optima Values Optima
O1: Battery size (kW) 9.36 10.30 9.40
O2: PV size (kW) 32.29 35.52 4241
O;3: Number of wind %
turbines deployed ON 2 30 36
Os: Water storage tank 146.13 158.04 190.98
capacity (m’)
Os: Water purchased (m?) 143.13 157.44 187.98
Og: Total load shed (kW) 4.34 4.774 5.16

*The large wind turbine is always selected to be deployed

In the current study, only active power was considered and
power losses in the system were ignored. This is a reasonable
assumption for a small-scale residential microgrid with high
power-factor inductive loads, which is the focus of this paper.
However, in special situations where the load power factor
may be low, reactive power constraints may also need to be
included and the problem would need to be solved for the
apparent powers provided by energy resources, not just their
active powers. Of course, this would require the energy
resources to be equipped with power electronics converters
that enable reactive power control. Another operational
aspect to consider when utilizing wind and solar resources is
whether the output power can be controlled (as was the case
in this paper). Less expensive wind turbines and rooftop solar
PV units typically operate at the maximum power point
tracking (MPPT) mode, which means any energy available
from wind or the Sun will be converted to electricity and
injected into the grid. On the other hand, with generator
control, excess generation can be curtailed upon need, albeit
at the expense of utilizing more complicated and costlier
power electronics circuitry. The choice between power
regulation and MPPT modes of operation has direct
implications on the size of the battery. With MPPT, excess
generation cannot be curtailed, which means it must be stored
somewhere. This requires a larger size battery, which is more
expensive. However, the instances of load shedding may go
down since more power is now available in the battery. In the
proposed formulation, MPPT mode of operation can be easily
implemented by changing the inequality constraint in (2) to
an equality one, which requires the sum of generation at each
point in time to be equal to demand (including battery
charging).

The financial aspects of system design were intentionally
left out of the current study. This is because system
procurement and deployment costs vary from one region to
another, and no impartial conclusions can be made. However,
if needed, this can be easily incorporated into the problem
formulation by adding another objective function, e.g., a cost
function consisting of the cost of PV and battery per kW
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installed and the cost of the wind system as a function of the
number of turbines installed. The granular focus on individual
households (e.g., using rooftop PV or small-scale wind
turbines) makes the solution practical for any residential
neighborhood in which consumers are willing and able to
make the initial investment (perhaps with the help of federal
and state incentives). The only exception to this is the large-
scale wind turbine, which is at the commercial level and not
appropriate for residential customers. However, this could be
installed at the WWTP.

V. CONCLUSIONS

The changing climate has led to an increase in the
frequency and severity of weather-related natural disasters.
These events can lead to widespread damages to the critical
infrastructure of the affected areas, including the electric
power grid and the water distribution network. Access to
electricity and water is essential especially in the aftermath of
natural disasters and during recovery efforts. One solution to
achieve resilience is to design power and water networks as a
system of subsystems, in which each subsystem (electric
microgrid and/or water micronet) can operate in a standalone
mode with little or no support from the outside world, at least
until repairs to the centralized networks are completed.
Devising one such approach was the focus of this paper.

An optimization model was proposed to allocate the
optimum types and sizes of energy and water resources for a
hybrid  microgrid-micronet spanning a  residential
neighborhood. It was assumed that the neighborhood is
equipped with a wastewater treatment plant to provide
potable water reuse. Further, wind turbines, solar PV, and
battery energy storage were considered as options to supply
the electricity needs of the system. The problem was
formulated as a multi-objective mixed-integer nonlinear
programming model (MINLP), in which it was desired to find
the smallest size energy and water resources to be able to
meet the daily local demand. Naturally, the various objectives
will be conflicting at times, which is why goal programming
was used as the solution methodology to ensure that a Pareto
optimal solution is achieved. It was shown through a case
study that using average consumption profiles as well as wind
and solar irradiance profiles, it is possible to find optimum
sizes for energy resources and water storage tank such that
the electricity and water needs of the community are met with
the least amount of disruption. Such decentralized designs
can be implemented for regions that are prone to severe
natural hazards. Although the initial investment may be
significant, it can be justified by the net savings over time as
well as the improved resilience during disaster events.

NOMENCLATURE
A. Indices and Sets

C Set of consumers in the community, which are
viewed as both power and water demand points

i Index used for consumers

J Index used for wind turbines

q Index used for objective functions within the
multi-objective framework

t Index used for time

Vol 2 | Issue 4 | September 2022



European Journal of Energy Research
www.ej-energy.org

B. Parameters and Input Data

WT
A,

Gy

ksh

kWW

Nsh

PBT, max
PPV, max

PWW

Pppump

Socmin

Socmax

T

VST, min

VST,max

Y Wwsmax

wa,min

n°m¢

Area swept by the rotor of wind turbine j (m?)
Goal (target) value for objective function g in the
multi-objective framework

Maximum allowable percentage of consumer load
that can be shed during a dispatch period, assumed
to be 10% in this study

Portion of consumed water that will be discharged
as waste, i.e., the ratio of water inflow to a
household to water outflow from it to the sewer
system. Assumed to be 0.85

Maximum allowable number of times during a
dispatch period that a consumer may experience
load shedding. Naturally: N*! < T. Assumed to be
1.0 in this study

Maximum permissible generation capacity of the
community battery (kW)

Maximum permissible generation capacity of the
solar PV panel (kW)

Power consumed by wastewater treatment plant
(WWTP) for treating 1m? of wastewater (kW/m?)
Power consumed to pump 1 m? of treated
wastewater from the WWTP to the community
water storage tank (kW/m?)

Desired active power consumption of consumer i
at time ¢ (kW)

Desired active power consumption of the entire
community at time ¢ (kW)

Water consumption rate of consumer 7 at time ¢
(m®/s)

Maximum water flow rate through pipes. This is
limited by the designed flow rate of the water
network (m?/s). Assumed to be 0.007

Minimum allowable state-of-charge (SOC) of the
community battery (%), considered to be 30% in
this study

Maximum allowable SOC of the community
battery (%), considered to be 100% in this study
Time horizon of the study period (hours, minutes,
etc.)

Minimum permissible volume of water in the
community ST (m?). This can be determined
based on the minimum amount of water
considered to be necessary to ensure basic daily
needs for the community residents. The amount is
estimated by the World Health Organization
(WHO) to be between 50100 liters (0.05-0.1 m?)
per person per day

Capacity of community water storage tank (m®)
Maximum permissible volume of wastewater in
the WWTP (m?), assumed to be 50 in this study
Minimum permissible volume of wastewater in
the WWTP (m?), assumed to be 0

Wind speed at the wind turbine location at time ¢
(m/s). Assumed to be the same for all turbines.
Power coefficient constant for wind turbines,
assumed to be 0.425

Self-discharge rate of the community battery
(p.u), assumed to be 0.0025

Duration of a single time-step of analysis
(seconds, minutes, etc.)

Charge/discharge efficiency of the community
battery (dimensionless), assumed to be 0.8
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Air density (kg/m?), assumed to be 1.22

Incident solar irradiance at the community solar
PV panel at time ¢ (W/m?)

Incident solar irradiance at the standard test
conditions (STC) (W/m?)

C. Variables

A

BT, cap

Pit
BT,c

¥ 2

BT.d

PV, cap

ST,out
t
ww,eff

q:

WWw,in
qe

ww,out
qe

SOC;
Sq

VtST

vST,cap

v

Auxiliary decision variable used in the multi-
objective optimization framework, whose role is
to provide an upper bound for the deficiency
variables

Objective function ¢ in the multi-objective
framework

Installed capacity of the battery (kW)

Power consumed by consumer 7 at time ¢ (kW)
Power provided to charge the community battery
at time ¢ (kW)

Power discharged by the community battery at
time ¢ (kW)

Installed capacity of the solar PV panel (kW)
Power provided by the community solar PV panel
at time ¢ (kW)

Power provided by wind turbine j at time ¢ (kW)
Power consumed by the WWTP at time ¢ (kW)
Outgoing flow rate from the community water
storage tank at time ¢ (m*/s)

Effluent flow rate from the WWTP at time ¢
(m3/s). This is the amount of untreated
wastewater, which is discharged to make sure that
the tank does not go over capacity

Incoming flow rate to the WWTP at time ¢ (m?/s)
Outgoing flow rated (associated with treated
wastewater) from the WWTP at time ¢ (m®/s)
State-of-charge of battery at time ¢ (%)
Deficiency variable associated with objective g in
the multi-objective framework

Binary variable indicating if consumer i is
experiencing load shedding at time ¢ (=1: load
shed, 0: desired demand met)

Binary variable indicating if wind turbine j is
deployed (=1: turbine is installed, 0: not installed)
Binary variable indicating if the community
battery is being charged at time ¢ (= 1: charged, 0:
not charged)

Binary variable indicating if the community
battery is being discharged at time ¢ (= 1:
discharged, 0: not discharged)

Volume of water at the community water storage
tank at time ¢ (m?)

Installed capacity of the community water storage
tank (m®)

Volume of water received from external resources
(m?). Without loss of generality, it is assumed that
the supply is provided only at the beginning of the
dispatch period

Volume of wastewater at WWTP at time ¢ (m®)
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