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Abstract

Combining diverse sources of renewable power into a hybrid renewable energy system (HRES) has gained more attrac-
tions with the fast evolution of the renewable energy market. Renewable resources as alternative energy for electricity
generation are the only way to cater to the present environmental and social challenges. An on-grid hybrid geothermal-
PV-wind system at Tattapani, Azad Jammu Kashmir, Pakistan, is considered, as enough geothermal energy is available
from hot springs to cater for the perennial base load requirement of the small community. The paper presents HRES
design with minimal net present cost (NPC), so that the PV and wind energy plants are used to complement the geo-
thermal plant during high demand and to feed the grid during low-energy requirements. This results in reduced cost
of electricity (COE) and the decrease in fossil fuel-reliant energy from the national grid, thus bringing prosperity for the
poor people of the village and contributing to the reduction in global warming. Sensitivity analysis to the constraints
such as solar irradiation, wind speed and interest rate is presented as well. The study showed that for Tattapani, an on-
grid hybrid geothermal, PV and wind system with the capacity of 250 kw, 250 kw and 100 kw, respectively, is a feasible
design with the NPC of 234.11 million rupees at the interest rate of 5%. The system can fulfill the average load demand
7350 kWh/day, while the surplus energy is sold to the grid. COE of the proposed system is 7.50 Rs/kWh, and the system
will also evade 1.8 million kilograms of CO, along with other flue gas emissions to pollute the atmosphere. Sensitivity
analysis shows that if wind speed varies from 4.5 to 6 m/s while GHI remains constant, the cost of wind energy decreases
from 20.08 to 12.5 Rs/kWh. Similarly, if average GHI increases from 4.5 to 6 kWh/m?/day and wind speed remains constant,
the cost of solar energy decreases from 8.04 to 6.06 Rs/kWh. If wind speed and GHI changes at the same time from 5 to
6 m/s and 4.5 kWh/m?/day to 6 kWh/m?/day, respectively, NPC decreases from Rs245 million to Rs228 million keeping
interest rate constant at 5%. Another important result showed that when interest rate changes from zero to 20%, overall
NPC decreased from Rs294 million to Rs159 million and COE increased from 6.50 to 11.69 Rs/kwh.

Keywords Azad Jammu Kashmir (AJK) - Capital recovery factor (CRF) - Levelized cost of energy (LCOE) - Global
horizontal irradiance (GHI) - Greenhouse gasses (GHGs) - Hybrid renewable energy systems (HRES) - Initial capital (IC) -
Annual operating cost (AOC) - Net present cost (NPC)

1 Introduction

Every source of energy generation has its own impact on
the environment whether it is renewable or fossil fuel. Con-
ventional power plants that use fossil fuel harm the envi-
ronment more as compared to the renewables. Water and
air pollution, habitat and wildlife loss and public health
deterioration are few of such environmental hazards [1].

Renewable resources, whether solar, wind, water or
geothermal, are helpful in the generation of cleanest
electricity. Wind, solar and hydropower plants have essen-
tially zero emissions. As far as geothermal power plants
are concerned, the closed-loop system geothermal plants
have minimal emissions because gasses removed from
well after giving up their heat are again injected into the
ground. The open-loop geothermal plants emit carbon
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dioxide, methane, ammonia and hydrogen sulfide. The
percentage emission of SO, in open-loop geothermal
plants is still approximately 30 times per MWh less as com-
pared to that of coal-fired plants. While 0.2 Ib per kilowatt-
hour carbon dioxide is emitted by such plants, coal-fired
plant’s emission rate of CO, per KWh is 1.4-3.6 Ib. As far
as impacts on the environment are concerned, renew-
able energy plants are the best possible choice. The only
adverse impact on the environment by these plants is that
some of these plants require a large area for their erection
like hydropower plants [2].

Due to the variations in the output obtained from
resources of renewable energy, different plants are com-
bined to improve the overall reliability of the system.
Research work related to HRES is being perused vigorously
in different dimensions. Different techniques and soft-
ware tools are available to techno-economically analyze
and optimize the operation of HRES. Distributed energy
resources customer adoption model (DER-CAM) technique
used to determine the optimal size and operating sched-
ule of a distributed energy resource (DER) is discussed in
[3]. Techno-economic sizing of an off-grid PV-wind-diesel
generator hybrid system for rural electrification is dis-
cussed in [4]. Another research work including review of
different HRES sizing programs and detailed methodology
of sizing a PV-wind system is discussed in [5]. An overview
of different optimization algorithms for HRES and differ-
ent types of objective functions that are considered while
designing such systems is discussed in [6]. Another impor-
tant aspect of HRES is the scheduling of power system,
so that the power industry runs smoothly. A technique
for tri-generation-based hybridized power plant schedul-
ing, in the presence of energy storage facilities, which will
ensure the minimum emission of pollutants and optimum
utilization of fuel to meet the load demand, is discussed
in [7]. Similarly, optimal operation of renewable energy
micro-grids by increasing the reliability and resilience of
interconnected micro-grids to cater the uncertainties and
minimizing the operational cost using the technique of
Hong's 2-point estimate method (PEM) for simultaneously
demand response (DR) and reconfiguration scheduling is
discussed in [8]. Another approach which focuses on reli-
ability planning of micro-grids by using an integrated
method which relies on clever cooperation of time rate-
based demand response programs and heterogeneous
DERs deployment is elaborated in [9].

A robust optimization approach, to optimally design
micro-grids, which examines the economic and reliable
structure for micro-grid distribution and optimal planning
of DERs with section and tie switch allocation to deter-
mine micro-grid boundaries and topologies, is discussed
in [10]. Similarly, risk-based planning of micro-grids under
uncertainty using optimal bi-level model in which upper
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level corresponds to optimal planning of DER and lower
level corresponds to optimum switch allocation problem
for partitioning traditional distribution system into a num-
ber of micro-grids is presented in [11]. Another paper [12]
proposes a new game theoretic model based on Stack-
elberg equilibria to determine optimal participation of
MG aggregators in the retail market in order to increase
its own profit simultaneously. In addition, the proposed
model considered emergency demand response program-
ming (EDRP) in the retail side of the MGs to capture the risk
of participation in the retail market. Another researcher in
[13] discusses the operational optimization by developing
the strategies of energy management for the generation
and demand side to meet the demand for electricity while
minimizing the environmental and operating cost. One
such HRES for a village Tattapani in AJKis discussed in this
paper. The system will have a geothermal plant acting as
base load plant complemented by solar and wind power
plants [14]. One of the important aspects of this research
is to model a geothermal plant in Homer because there is
no built-in geothermal plant option available in Homer.
Load dispatch strategy of the system will be such that it
ensures the energy supplied on cheaper rates. By using the
grid facility on a monthly net metering base, high demand
of energy will easily be catered when the generation of
the designed plant will not be enough. In this paper, an
attempt has been made to minimize the net present cost
of the system and to decrease the COE. Sensitivity analysis
of COE and NPC to the constraints such as solar irradiation,
wind speed and interest rate is done as well.

2 Study area

Pakistan is blessed with many renewable resources includ-
ing geothermal resources which are capable of producing
electricity [15]. There are numerous geothermal resources
in Pakistan, but most of them have the temperature quite
low for the production of electricity; only a few of the
resources meet the requirements for the production of
electricity [16, 17]. One such resource is in Tattapani vil-
lage of AJK. Itis located at 33.612°N 73.947°E and is 26 km
away from Kotli city in AJK.

As far as geothermal hot springs of Tattapani are con-
cerned, they have the reservoir temperature of 140 °C
measured from Na-K-Mg geo-thermometer, while its
surface temperature varies from 60 to 65 °C. From the
field observations, it was revealed that the flow rate of
the reservoir varies from 4.3 to 11.8 | per second. Table 1
provides the flow rate and average temperature of the
reservoir [18].
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Table 1 Temperature and flow rate

Average temperature (°C) Flow rate (I/min)
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Fig. 1 Tattapani monthly solar GHI

Total energy of the hot springs at this temperature and
flow rate can be easily found out using formula:

E=AT x@=xV (1)
where E=energy, AT=temperature difference of the
resource, ¢ =specific heat of the water, V=flow rate of
reservoir.

Considering the above-mentioned specifications,

E = (140—65) * 4200 * 4.31/s
E = 1354 kJ/s = 1354 KW

the highest conversion efficiency of geothermal plants
recorded is 21%. Considering 20% efficiency, it can pro-
duce power approximately up to 270 K[19].

At this flow rate and temperature, binary geothermal
plants are feasible to design as other types of geothermal
plants demand high temperature and high flow rate [20].
For binary geothermal plants, working fluid will be a low
boiling liquid, i.e., iso-butane or propane, etc. Different
binary geothermal plants were already designed in the
world on the resources of similar nature [21-24].

Pakistan is also present in that area of the world having
high solar irradiance. The average solar irradiance in Tat-
tapani village is 5.24 kWh/m?/day, which is higher than
required for solar power production. The average monthly
solar irradiance of this area is given in Fig. 1. Temperature
also affects the output of the solar panels as its efficiency
decreases with the increase in temperature. So, the tem-
perature effect is also taken care off. Table 2 provides the
monthly average temperature of this area [25].

Northern areas of Pakistan have the potential to pro-
duce electricity by utilizing wind energy too. Average wind

Table 2 Tattapani monthly

temperature Month Average daily
temperature
Q)
Jan 6.94
Feb 8.97
Mar 139
Apr 20.08
May 24.88
Jun 27.6
Jul 25.73
Aug 24.2
Sep 22.41
Oct 18.64
Nov 13.96
Dec 9.27

Average wind speed (m/s)

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

wind speed (m/s)
OFR,r N WAL

Fig.2 Tattapani monthly average speed of wind

speed of Tattapani village located at 2237 feet above sea
level is 5.69 m/s, which is effective in producing electric-
ity via a wind turbine. Tattapani monthly wind speed in
meters per second is shown in Fig. 2 [25].

3 System description

Homer software, which is being used for simulation and
optimization, required some of the input data with respect
to the specific area. Below is the detail of the data [26].

3.1 Load profile

The considered area is basically a village with mostly resi-
dential load. Presently, the estimated average daily energy
requirement of Tattapani village is 5310 kWh, which is
calculated in Table 3. As the system is being modeled
for 15 years, it is designed for the generation capacity of
7350 kWh/day by keeping in mind the future increase in
demand of energy which has been forecasted on the basis
of the previous trend. This load profile is arranged on the
basis of the total highest demand per day, i.e., 7350 kWh/
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Table 3 Tattapani average daily load

day. As the maximum chunk of the total load is residen-

tial one so morning and evening are the peak load peri-

Description Quantity Power (KW) Average Total . . o
—————— period (h) demand ods. Daily load profile of the area is presented in Fig. 3.
E:r":;ri‘td Total (Kwh) The monthly load profile is presented in a whisker plot
in Fig. 4. In this graph, top of the line shows the monthly
Primary schools 5 2 0 6 60 maximum value and the line at the bottom shows the
Secondary 4 3 12 6 72 overall minimum value of the month. The blue box top
schools shows the average of daily maximum values of all the days
Colleges 2 5 10 60 in a month, while the blue box bottom shows the average
Government 6 3 18 7 126 daily minimum value. The middle line corresponds to the
offices
) ) average value of the whole month.
Dispensaries 3 2 6 12 72
Bank 3 5 15 8 120
anks 3.2 Geothermal plant
Households 600 0.5 300 14 4200
Oth - - 100 6 600 . . . .
ers As it has been already described that for this particular
Total 623 - - - 5310 . . .
resource binary geothermal plant is suitable where work-
ing fluid will be some low boiling liquid which will be
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Fig.4 Average monthly load profile
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Table 4 Geothermal power

plant Capacity (Kw) 250

Capital cost (Rs) 55,000,000
O&M cost (Rs/h) 550
Lifetime (years) 15
Replacement (Rs)  Nil

converted into steam by perfectly designed heat exchang-
ers. Geothermal plant will act as a base load plant, and
considering the resource size as explained through Eq. (1),
one unit of 250-kw geothermal plant is considered in this
design. To design a geothermal plant in Homer that pro-
duces steady power, a new generator with the fuel name
as steam or hot water was created. In order to ensure the
carbon-free nature of geothermal fuel, characteristics of
fuel were changed to mimic the geothermal fuel charac-
teristics. Cost of the fuel was taken as zero. The whole sys-
tem will be designed for 15 years. Complete cost details of
the plant are presented in Table 4 [27-29].

3.3 Photovoltaic array

Flat-plate photovoltaic modules are being used in the
design of this hybrid renewable energy system. As tem-
perature also affects the solar power generated from these
modules, the coefficient for temperature for these mod-
ules is —0.5% per degree increase in temperature above
the nominal working temperature of a solar panel. The effi-
ciency of these modules is 13%, while these modules will
have a default tilt angle of 33.61°. Derating factor of the
system is taken as 80%. Derating factor accounts for the
factors that affect the total output of the panels directly or
indirectly such as panels soiling, aging, shading, covering
by snow and losses in the wiring. The total output power
of the solar array is calculated using the equation below.

/
va = fvapvi (2)
where f, is the PV derating factor, Y,,, is the rated capacity
of Pvarray in KW, [ is the GHlincident of the surface of PV
array, Is is the standard amount of radiations set to rate the
capacity of PV array.

To generate solar power from the available resource,
three PV systems are considered with the capacity of 150
kw, 200 kw and 250 kw. Middle-East automation and con-
trols services are approached for quotations of such a sys-
tem. Capital cost is taken as 0.84$/watt, while operation
and maintenance cost are taken as 0.025/w. As the life of
these modules is taken as 15 years, no replacement will
be required; capital and O&M cost for these systems are
presented in Table 5 [30, 31].

Table 5 Photovoltaic power plant

Capacity (kw) 150 200 250
Capital cost (Rs) 13,860,000 18,480,000 23,100,000
O&M cost (Rs/year) 330,000 440,000 550,000
Table 6 Wind turbine

Capacity (kw) 100 150 200
Capital cost (Rs) 16,500,000 24,750,000 33,000,000
O&M cost (Rs/year) 341,000 511,500 682,000

3.4 Wind turbines

Three wind turbines of 100 Kw, 150 Kw and 200 Kw capac-
ity are used to model this system. Turbine cost is usually
70% of the total cost of wind plant, while O&M is 3% of the
turbine cost. Wind turbines’ expected life in this system is
taken as 15 years. So, no replacement is taken under con-
sideration. Hub height is taken as 50 m, while the overall
loss factor that includes availability, turbines performance,
environmental, wake effect and electrical loss is taken as
12.33%. Table 6 shows the details of capital required by
taking capital cost 1.5 $/W and O&M cost 0.315/W. The
total output power of a wind turbine in Homer is calcu-
lated in four steps [31-33].

1. Determining the average wind speed by referring to
the wind resource data.

2. Calculation of wind speed at the selected hub height
of the turbine using logarithmic or power law.

3. Referring to the turbines’ power curve to calculates
its output power at the specific wind speed assuming
standard air density of 1.225 kg/m?.

4. Homer multiplies the power output with the air den-
sity ratio, which is the ratio of actual air density to
standard air density.

3.5 Converter

Converter size for this specific system is chosen higher than
the rated capacity of the solar panel. Now as solar panels
used in this system have the maximum capacity of 250 kw so
converter of approximately 20% higher capacity installed is
of 300kw. Cost of the converter is expected to be USD54500.
Table 7 provides the technical specifications.

3.6 Grid

In an on-grid design, grid acts as a standby power compo-
nent or acts as an absorber of power which means that it will
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Table 7 Converter

Equipment Capacity Voltage Efficiency

Converter 350 Kw 480v dc 90-95%

supply power to the said area when there is demand higher
than the generation of designed power plant and it will pur-
chase power from the system when there is an excess gen-
eration by the designed power plant. This sale and purchase
will be done on net metering base, and for this purpose sale
and purchase capacity of grid is taken as maximum.

4 Methodology

Homer software, used in this paper, simulates different
renewable energy system configurations and portrays it
with reference to the total cost of installation and operation
throughout lifetime of the project, which is also called as
net present cost (NPC). Depending upon the user, Homer
will simulate a system for all feasible combinations of the
components. Similarly, upon how users set up a problem,
can simulate hundreds or even thousands of times [34].

4.1 Cost analysis procedure by Homer

It is an optimization tool which simulates and scales dif-
ferent renewable energy resources. The scaling is done
on the basis of the net present cost of the system which
is the lifetime system’s operating and installation cost.
The calculation reaches to all types of costs including the
initial capital required, the replacement cost of any com-
ponent, if required, throughout the projects life, fuel cost
and maintenance cost of the system. It assumes the same
rate escalation in all prices and applies annual interest rate
too. Previously, researchers also used this software for the
analyses of HRES. The input data that is required in Homer
are the mean values of solar irradiation and wind speed on
an hourly basis, load profile, cost data and technical details
of wind turbines, solar panels, geothermal generators and
converters. Different types of economic constraints, system
controls and other constraints are also the inputs to the
Homer. The flowchart in Fig. 5 shows Homer algorithm in
detail. Following are the equations that are used to find
the results [34, 35].

Fig.5 Flowchart of software
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4.1.1 Total annualized cost

Total cost of every equipment of the system including
installation, operation and maintenance, replacement and
fuel cost per year is called the total annualized cost.

4.1.2 Capital recovery factor (CRF)

Capital recovery factor is a ratio which calculates the pre-
sent value of the annuity. The equation for CRF calculation
is below:

i1+

Capital recovery factor CRF(i, N) = —
a+n"-=1

3)

where n is the number of years and i is the annual real
interest rate. Interest rate is taken as 5%, and expected
project life is taken as 15 years in this paper.

4.1.3 Net present cost (NPC)

This is the total installation and operating cost of the sys-
tem in the total life of the project. It is the main objective
function which is to be minimized.

NPC= —1% 4
CRF(i,Ryy) )

where T, is the total annualized cost, CRF is capital recov-
ery factor, i is the percentage interest rate and R,,; is pro-
ject lifetime in years.

4.1.4 Cost of energy (COE)

It is the average cost/kWh of useful electrical energy pro-
duced. COE is calculated with the help of below formula.

_ Tac
Cost of energy (COE) = —— (5)

served

where T, and E,, .4 are the total annualized cost and
annual total electrical load served, respectively.

5 Optimization results

Figure 6 shows the model for an on-grid system designed
in Homer. This system is modeled as per the above-men-
tioned components’ specifications. By considering the
requirement of energy 7350 kWh/day after keeping in view
the future growth of energy demand, simulation is being
carried out for the model. Homer simulates the number of

AC DC 5)
Geo_ Electrical Load _Pv_ =
= ARSL

- 3 -
7350.06 kWh/d
612.55 kW peak

Grid Converter

-
%

Wind turbine
\
/l\ ]

G| | e

Fig. 6 On-grid hybrid geothermal-PV-wind system
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Fig. 7 Monthly electricity generation of configuration A

combinations by varying the ratings of the components
as mentioned earlier. For this system, geothermal, PV and
wind resources in an on-grid fashion are simulated. A large
number of results are acquired, but we are going to dis-
cuss the three most important results on practical grounds
which are the annual electrical energy produced and its
net present cost. The cost of each productive kilowatt
hours is calculated along with initial capital, operating cost
and net present cost of the system.

5.1 Configuration A

Grid-tied 250-kw geothermal, 200-kw wind and 150-kw
solar is selected as first design, and simulation is being
done to calculate the cost of each productive kilowatt hour
along with initial capital, cost of operation and net present
cost of the design. By considering minimum flow rate as
perTable 1, geothermal power plant will work throughout
the year. Figure 7 shows the monthly generated energy
mix to satisfy the load demand. It describes the amount of
energy produced by all the plants and energy purchased
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Table 8 Annual production of electricity by configuration A

Component Production (Kwh) Percentage
Geothermal 2,190,000 729
Wind 269,014 8.95
PV 243,588 8.11
Grid purchases 302,472 10.1
Total 3,005,073 100

-

m Geothermal m Wind PV  m Grid Purchases

Fig. 8 Percentage production of electricity of configuration A

Table 9 Annual grid data for

configuration A Purchased 302,472 kWh
Sold 310,122 kWh
Net —7650 kWh
Total cost 75,703 Rs

from the grid to satisfy the load demand. It is clear from
the figure that as the solar and wind power production
increases, the system purchases less energy from the
grid. The geothermal plant is continuously supplying fix
amount of power, thus acting as a base load plant. Total
annual electrical production is shown in Table 8. It also
shows us that the total contribution of solar and wind
power is approximately 16%, and the major chunk of
power is supplied by the base load geothermal plant as
shown in Fig. 8. By assuming energy sold and purchased
rate of 8:12 rupees per kilowatt hour, respectively, it is clear
from Table 9 that the net energy sold to the grid is higher
as compared to the energy purchased from the grid by
7650 kWh. Hence, grid has to pay an amount of 75,703
rupees.

Annual operating cost of this system is Rs13.2 million.
Similarly, the total annualized cost of the system is Rs23.60
million, while COE per unit is Rs7.89. Initial investment for
this system Rs108 million, while the NPC is Rs244.9 million.
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Fig. 9 Monthly electricity generation of configuration B

Table 10 Annual production of electricity configuration B

Component Production (Kwh) Percentage
Geothermal 2,190,000 724
Wind 134,507 4.44
PV 405,979 134
Grid purchases 296,291 9.79
Total 3,026,777 100

5.2 Configuration B

Grid-tied 250-kw geothermal, 100-kw wind and 250-kw
solar is selected as second configuration, and simulation
is being done for the cost of each productive kilowatt hour
along with initial capital, cost of operation and net present
cost of the design. By considering the minimum flow rate,
geothermal power plant will work throughout the year just
like the above configuration. Figure 9 shows the gener-
ated energy mix. It shows that wind turbine production
decreases. This is because of its low rating. Total annual
electrical production is shown in Table 10. It shows us that
the total contribution of solar and wind power is approxi-
mately 17% and the major chunk of power is supplied
by the base load geothermal plant as shown in Fig. 10.
Monthly grid sale and purchase cost are calculated on the
same rates as in the previous case. Table 11 shows that
energy sold to the grid is higher as compared to energy
purchased from the grid. Assuming the previous configu-
ration rates, the grid must pay energy charges of 150,347.2
rupees annually.

The annual operating cost of this system is Rs12.8
million. Similarly, total annualized cost of the system
is Rs22.55 million, while COE per unit is Rs7.50. Initial
investment for this system Rs101 million, while the NPC
is Rs234.11 million.
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Fig. 10 Percentage production of electricity of configuration B

Table 11 Annual grid data for

configuration B Purchased 296,291 kWh
Sold 323,706 kWh
Net —27,416 kWh
Total cost —150,347 Rs
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Fig. 11 Monthly electricity generation of configuration C

5.3 Configuration C

Grid-tied 250-kw geothermal, 200-kw wind and 250-kw
solar is selected as third configuration, and simulations
are being done to calculate the cost of each productive
kilowatt hour along with initial capital, cost of operation
and net present cost of the design. By considering the
minimum flow rate, geothermal power plant will work
throughout the year just like configuration A. Figure 11
shows the month-wise energy mix. High rating wind
turbine and solar panels are used in this configuration,
which decreases the amount of energy purchased from
the grid as depicted in Fig. 11. Least energy is purchased
from the grid in this configuration because equipment
of high rating generates more power to satisfy the load

Table 12 Annual production of electricity by configuration C

Component Production (kwh) Percentage
Geothermal 2,190,000 70.0

Wind 269,014 8.60

PV 405,979 13

Grid purchases 262,188 8.39

Total 3,138,276 100

_—

® Geothermal ®mWind =PV ®Grid Purchases

Fig. 12 Percentage production of electricity of configuration C

Table 13 Annual grid data for

configuration C Purchased 262,188 kWh
Sold 424,111 kWh
Net -161,923 kWh
Total cost —1,280,341 Rs

demand. Total annual electrical production is shown
in Table 12. It also shows us that total contribution of
solar and wind power is approximately 21% as shown
in Fig. 12. Grid sale and purchase cost are calculated
monthly on the same rate as in configuration A. Table 13
shows that the total energy sold to the grid is higher;
hence, by assuming previous configuration rates, grid
must pay extra energy charges of 1,280,341.2 rupees
annually. Annual operating cost of this system is Rs12
million. Similarly, total annualized cost of the system is
23.35 million, while COE per unit is Rs7.52. Initial invest-
ment required for this system is Rs118 million, while the
NPC is Rs242.4 million.

It is worth mentioning here that Figs. 7, 8 and 9 show
monthly energy mix to satisfy the load demand. Geo-
thermal power remains the same throughout, while
power from other plants varies in accordance with the
variations of the resources. Power purchased from the
grid also decreases during the months when solar and
wind power increase.
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Table 14 Economic comparison of all configurations

Table 15 Ideal geothermal plant operation

Type of cost Configuration A Configuration B Configuration C
IC (M.Rs) 108 101 118

TAC (M.Rs) 23.60 22.55 23.35

LCOE (Rs) 7.89 7.50 7.52

NPC (M.Rs) 2449 23411 2424

6 Economic analysis

In this research, work on an on-grid hybrid renewable
energy model is discussed. Major benefits of such sys-
tems are that they not only provide electricity at cheaper
rates but are also reliable as they are of an on-grid type.
This system is simulated in Homer, which simulates
system configurations with all the combinations of the
components that are stated in the input segment. To
ensure best matching of supply and demand, it per-
forms hundreds of hourly simulations. On the basis of
simulations, it proposes a list of possible solutions which
are classified on the basis of NPC. The approach in these
simulations is to ensure power generator delivers suf-
ficient power to meet the load. In this paper, we have
taken three results out of the number of results that were
obtained.

Upon comparing these three different designs taken
from all the optimization results, configuration B is the
most suitable design to implement. This is because the
design has the lowest net present cost (NPC) of Rs234.11
million after simulating it throughout its lifetime. Hence,
the payback period of this configuration will also be
less. The installation cost of this selected plant is also
less as compared to other designs as it uses the com-
ponents of low ratings to satisfy the load demand. In
terms of energy purchased from the grid, configuration
C purchases less energy. This configuration has equip-
ment of high rating, so it generates more power as com-
pared to configurations A and B. But, because of high
rating equipment, its initial and O&M cost increases
which eventually increase the NPC throughout the pro-
jects life. Hence, it is not regarded as the best possible
configuration.

Configuration B has also the lowest COE as compared
to all other configurations too. As COE is the total annu-
alized cost divided by total load served. Load remains
same in all the configurations, while the total annualized
cost of configuration B is less than all other configura-
tions, which means COE of configuration B is less than all
other configurations. So, all other configurations are not
regarded as best configurations. Results also show that
per unit of cost of energy of configuration B is still quite
less as compared to the present per unit cost of energy in
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Quantity  Operational Total starts  Operational ~ Capacity
hours life factor

Value 8760 1 15 100

Unit h/year Starts/year  Years %

Pakistan, which is approximately 12Rs/kWh to end user.
Table 14 shows the comparison of all configurations.

7 Geothermal as base load plant

It is a topic of continuous debate around the globe that
whether renewable energy source can serve as base load
power plant or not. Base load power is that amount of
power that must be generated for its customers to meet
the minimum demands based on rational probability of
customer requirement. As solar and wind power resources,
i.e., wind speed and solar irradiance are intermittent in
nature so they are able to generate electricity only when
there is enough wind speed or daylight, respectively. As
far as binary geothermal power plants are concerned,
they are the plants with high-capacity factors. So, they are
more efficient replacement of fossil fuel power plants as
compared to other renewable power plants [36]. Capacity
factor is the ratio of the actual amount of power gener-
ated by a plant to its capacity written on nameplate [37].
High-capacity-factor power plants are generally offline
when there is a fault or during regular maintenance time.
If the flow rate of the reservoir remains constant through-
out, then it would efficiently generate electricity up to its
rated power throughout the year. This could be done only
by efficient heat exchanging mechanism between the
geothermal source and working fluid that will continue
throughout the year at the same rate.

In this on-grid geothermal, PV and wind hybrid system,
geothermal will also act as a base load plant, generating its
rated power throughout a year. Figure 8 also depicts the
same behavior too as the major chunk of energy supplied
to the load is by geothermal plant on a monthly basis.
Table 15 also tells us the operating characteristics of this
plant. Keeping a single start per year, the plant will ideally
operate throughout the year and serve the load at rated
capacity. To get a more practical response, shut down for
scheduled maintenance and force stoppage of the plant
due to any fault can also be introduced in this system. This
will increase the number of starts of the plant per year. By
including annual maintenance cost and severe fault clear-
ing cost, NPC and COE will increase too. After including
shutdown due to annual maintenance for 3 days and force
stoppage of plant to clear out any fault if occur at different
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Table 16 Geothermal plant with regular maintenance

Table 18 Annual GHG emissions of diesel plant of same capacity

Quantity  Operational Total starts  Operational ~ Capacity

hours life factor
Value 8654 12 15.2 98.8
Unit hrs/year Starts/year  Years %

times of a year, the operational status of this geothermal
system is given in Table 16. Load dispatch strategy is also
shown in Table 17 from 2nd January 12 pm to 4 pm after
considering an ideal situation where a geothermal plant
is being operated with a single start throughout a year. It
is evident from the table that geothermal power plant is
working at its rated capacity, while there are variations in
solar and wind plant’s output power due to the intermit-
tent nature of their sources. Similarly, this strategy of load
dispatch will continue throughout the 8760 h of a year.

8 Greenhouse gasses (GHG) emission

The proposed on-grid geothermal-PV-wind powers plant
in which geothermal plant will act as a base load plant will
be much environment friendly as compared to the plant
of a same size using diesel as fuel. As in binary geothermal
plant, all the secondary fluid is in a closed loop that is not
exposed to the atmosphere, while all of the geothermal
fluid is returned to the reservoir. So it means binary geo-
thermal plants across the world have essentially zero GHG
emissions. The highest level of air emissions among all the
geothermal plants is by open-loop flash steam plants, but
it is still friendlier to the atmosphere as compared to other
plants of same size, which uses fossil fuel to produce elec-
tricity. About 25 and 36 times more CO, per MWh is being
emitted by a coal-fired power plant than dry steam and
flash steam geothermal plants, respectively [37]. Similarly,
looking at the solar and wind power plants, the utilization
of fuel for the production of electricity by these plants is
essentially zero. So the harmful gasses being entered in
the atmosphere by the production of electricity through

these plants are approximately zero.

Table 17 Load dispatch strategy for six hours

Name Quantity (kg/year)
NO 1861
co 9708
Unburnt hydrocarbon 515
Cco, 1,876,521
Particulate matter 83
SO, 4587
Total quantity 1,893,275

Now, an average diesel required to produce energy as
much as this plant annually generates is 715,583 | con-
sidering 0.267 I/kWh at a plant capacity factor of 61%.
This estimate has been obtained by designing a plant in
Homer in which there is a diesel generator serving the
same amount of load as in the above case throughout a
year. It can also find out approximately by multiplying total
production of designed HRES system above with diesel
required for one kilowatt-hour production, i.e., .267 |. Now
as 1-l diesel emits approximately 2.63 kg CO,. By multiply-
ing it with total liters burnt to satisfy load demand, the
approximate value of total CO, emissions will be obtained.
Table 18 shows the detail of gasses emitted. So essentially,
the environmental benefit of this hybrid renewable energy
system (HRES) is that it avoids annually 1.8 million kilo-
gram carbon dioxide along with other flue gasses to enter
into the atmosphere and deplete the ozone layer.

9 Sensitivity analysis

Sensitivity analysis determines how much sensitive is the
dependent variable to the variations of an independent
variable. This part will discuss the effect of different deci-
sion variables like wind speed, cost of energy, net present
cost and total electrical production on the optimum hybrid
system. As in the present design, wind and solar power
contribution in total generated power depends upon the
availability and intensity of their respective resources. For
mean annual GHI of 5.24 kWh/m?/day, energy contribution

Date Time PV output (Kw) Wind output Geo output Primary load Grid pur- Grid sale (KW) Total load
(KW) (KW) served (KW) chase (Kw) served (KW)
2-Jan 12:00 PM 195.67 7.39 250 245.22 0 198.05 443.28
2-Jan 1:00 PM 201.33 6.45 250 311.11 0 136.61 447.72
2-Jan 2:00 PM 175.76 5.04 250 356.21 0 65.8 422.01
2-Jan 3:00 PM 173.54 7.39 250 346.53 0 75.72 422.26
2-Jan 4:00 PM 109.44 15.35 250 257.33 0 111.98 369.31
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Fig. 13 Sensitivity analysis of NPC and COE at variable wind speeds and solar irradiances

by the solar power plant in this designed configuration
is 13.4%, while with the average annual wind speed of
5.69 m/s, wind energy contribution in total energy gen-
eration by the system is 4.44%. The sensitivity analysis can
also be done for future escalation of fuel prices. Sensitiv-
ity analysis can also cater to the variation in the cost of
components if they are required for future expansion or
replacement.

Figure 10 shows how much sensitive NPC and COE are
at different wind speeds and solar irradiances. By keeping
the solar irradiance at a range of 4.5 kWh/m?/day to 6 kWh/
m?/day and increasing wind speed from 5 to 6 m/s, NPC
decreases from Rs245 million to Rs228 million keeping
interest rate constant at 5%. Similarly, under same condi-
tions, COE decreases from Rs8.02 per kWh to 7.18 per kWh.

Another factor that affects the NPC and COE is the inter-
est rate. By changing the interest rate from zero to 20% as
shown in Fig. 11, NPC value changes from Rs294 million
to Rs159 million, while COE changes from Rs6.50 per kwh
to Rs11.69 per kWh, as NPC is the present value of all cash
that flows. Hence, by increasing the interest rate, the pre-
sent value of future cash flows decreases. This basically
corresponds to the idea of the time value of money. This
is the reason behind decreased NPC by increasing interest
rate. While on the other hand, COE increases because it
is the value that is obtained by dividing total annualized
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cost by total load served and is thus independent of the
interest rate. Hence, its value increases.

Figure 12 also shows the details that by changing the
wind speed from 4.5 to 6 m/s and by keeping GHI con-
stant at 5.24 kWh/mz/day, the total contribution of wind
power increases. It results in a decrease in per unit cost of
wind energy, i.e., approximately 40% decrease in LCOE is
obtained by increasing wind speed up to 6 m/s. Figure 13
shows that by keeping wind speed constant at 5.69 m/s
and changing the solar irradiance from 4.5 to 6 kWh/m?/
day not only percentage of solar power share in total gen-
eration increases but also per unit cost of solar energy also
decreases, i.e., approximately 24.62% LCOE decreases as
the GHl increases to 6 kWh/m?/day. The main reason for a
change in slope is because, at the same capital cost, solar
panels produce more power because of increased solar
irradiance (Figs. 14, 15, 16).

10 Conclusion

Hybrid renewable energy systems are the only salvage to
protect the environment from GHG emitted by fossil fuels
used for the generation of electricity. This thesis presents
the idea of utilizing geothermal, solar and wind resource
of the Tattapani village in AJK in a hybridized manner
with an on-grid system to meet the load demands. Binary
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geothermal power plant is selected for this specific system
as the resource temperature of 140 °C and the flow rate
of minimum 270 I/s favor this type of geothermal plant.
Similarly, average solar irradiance of this area is 5.24 kWh/
m?/day, while average wind speed of this area is 5.69 m/s.
Homer software is used for the cost optimization of this
system. The input data that is required in Homer are the
mean values of solar irradiation and wind speed on an
hourly basis, load data, cost data and technical details of
wind turbines, solar panels, geothermal generators and
converters. Different types of economic constraints, sys-
tem controls and other constraints are also the inputs to
the Homer. Many results that include various combina-
tions of the equipment are obtained. Three of the results
were analyzed in this research. In each result configura-
tion, geothermal power system is considered as a base
load plant that generates 250 Kw throughout its lifetime.
This is because it has the high-capacity factor and operates
throughout the year excluding the time required for regu-
lar maintenance. The best possible system with lowest net
present cost of Rs234.11 million comes out to be the one
having an on-grid 250-kw geothermal power plant hybrid-
ized with 250-kw solar power system and 100-kw wind
power system. The annualized cost of this system is 22.57
million rupees, while levelized cost of energy is 7.50 Rs/
KWh. Power is supplied to the load by these three hybrid
power plants. As the system is on-grid type, whenever the
load demand increases, then energy is purchased from the
grid. The assumed rate of energy purchased from grid is 12
Rs/kWh. Similarly, whenever the generated power is higher
than the load demand, the excess energy is sold to the grid
at the assumed rate of 8 Rs/kwh. This system also avoids
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1.8 million kilogram CO,, 9708 kg of carbon monoxide and
1861 kg Nitrogen oxide entering into the atmosphere per
year that could not be avoided if we use a power plant of
same capacity operated on fossil fuel.

Finally, the sensitivity analysis shows that if in the future
average wind speed and GHI increase, then there is also
an increasing behavior in the wind and solar power con-
tribution in the total power generated by the system. By
increasing wind speed from 4.5 to 6 m/s and keeping GHI
constant, cost of wind energy decreases from 20.08 to 12.5
Rs/kWh. Similarly, when the average GHI increases from 4.5
to 6 kWh/m?/day and by keeping wind speed constant,
COE of solar power decreases from 8.04 to 6.06 Rs/kWh.
If wind speed and GHI changes at a same time from 5 to
6 m/s and 4.5 kWh/m?/day to 6 kWh/m?/day, respectively,
NPC decreases from Rs 245 million to Rs 228 million keep-
ing interest rate constant at 5%. Similarly, under same
conditions, COE decreases from Rs8.02 per kWh to 7.18
per kWh. Another important result is obtained by varying
the interest rate of the whole system from 0 to 20% and it
was evident from the results that overall NPC decreased
from Rs294 million to Rs159 million and COE decreased
from Rs6.50 Rs/kWh to 11.69 Rs/kWh. Optimization and
analysis of this system are done on the basis of lowest net
present cost but still a lot of work can be done in analyzing
HRES systems in terms of analyzing the technical feasibil-
ity of HRES and by incurring peak and off-peak rates dur-
ing cost analysis. Real-time grid rates can also be used in
the system. Work could be done to analyze the system by
optimizing the LCOE.
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