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Abstract: Design and performance of polygeneration energy systems are highly influenced by several
variables, including the climate zone, which can affect the load profile as well as the availability of
renewable energy sources. To investigate the effects, in this study, the design of a polygeneration
system for identical residential buildings that are located in three different climate zones in Iran
has been investigated. To perform the study, a model has previously developed by the author is
used. The performance of the polygeneration system in terms of energy, economy and environment
were compared to each other. The results show significant energetic and environmental benefits
of the implementation of polygeneration systems in Iran, especially in the building that is located
in a hot climate, with a high cooling demand and a low heating demand. Optimal polygeneration
system for an identical building has achieved a 27% carbon dioxide emission reduction in the cold
climate, while this value is around 41% in the hot climate. However, when considering the price of
electricity and gas in the current energy market in Iran, none of the systems are feasible and financial
support mechanisms or other incentives are required to promote the application of decentralized
polygeneration energy systems.

Keywords: polygeneration system; climate zone; optimization; combined cooling, heating, and power
generation (CCHP); renewable energy; particle swarm optimization (PSO) algorithm; Iran

1. Introduction

The share of total delivered energy in the building sector is around 20% and the share of total
primary energy consumption is around 31% worldwide, which is predicted to increase by an average
value of 1.5% annually from 2012 to 2040 [1,2]. Hence, due to the relatively high share of energy
utilization in this sector, there is a big potential for fossil fuel consumption reduction. This, accordingly,
can mitigate the negative environmental and societal impacts of fossil fuel consumption.

One of the alternative solutions to achieve higher efficiency, lower fuel consumption, and a higher
share of renewable energy is the concept of decentralized combined cooling, heating, and power
generation (CCHP), which is also called polygeneration. Providing power and useful heat in such
systems is considered as an alternative or supplementary solution for ever-growing energy-related
problems [3,4]. In addition, in a polygeneration system, multiple energy sources, including renewable
and non-renewable, are used to deliver multiple energy services simultaneously, resulting in lower
emissions [5].

Polygeneration system consists of several numbers of units such as combined heat and power
(CHP), boilers, photovoltaic (PV) units, solar heating units, and thermal and electric storage devices.
Due to the relatively large number of endogenous and exogenous variables, such as size and type of
components, operating strategy, load profile, climate zones, and the availability and price of energy,
the design of such systems is complicated [6-8]. Using an optimization technique for the correct sizing
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and defining the correct operating strategies can increase the performance of the system. Therefore,
to define the optimal solution, development of the suitable mathematical model is necessary, and hence,
modeling and optimization of small-scale polygeneration systems are carried out in several studies.

The important aspects in identifying the optimal design of such systems were the focus of
various comprehensive studies [9,10]. These aspects include the technologies [11], performance
assessment method, polygeneration supporting mechanisms, energy policies, operating strategies [12],
decision-making variables, optimization techniques, optimization in urban application [13], and the
modeling approach [4]. These surveys emphasize the necessity of further investigations on
multi-criteria assessment and the feasibility study of optimization of complex polygeneration systems,
including innovative storage and generation devices and the utilization of multiple fuel sources,
including renewable energy [12].

A polygeneration system for a tourist center in Spain was optimized by Rubio-Maya et al. [14].
Implementation of the optimal design to supply the energy demand of the building achieved economic
and environmental benefits when compared to conventional separate heat and power generation.
In the presented case study, a fossil fuel consumption reduction of 18% was reported [14].

Di Somma et al. used an exergy analysis to identify the optimal design of a polygeneration energy
system [15]. When compared to a conventional separate heat and power generation, 21-36% reduction
in primary exergy input for the proposed cases was achieved.

In a study performed by Sanaye et al., a small polygeneration system in a residential building that
was located in the south of Iran was investigated [16]. The results showed energetic and environmental
benefits of the polygeneration system. Moreover, for the presented case, due to the high availability of
excess heat from the combined heat and power (CHP) units, the thermal chiller that was using this
heat for cooling purposes showed advantages over the electric chiller.

Tichi et al. investigated the influences of energy policy on the performance operation of optimal
polygeneration systems in Iran [17]. The price of electricity and the energy market policy in Iran were
mentioned as two obstacles for the promotion of such systems. Moreover, it was mentioned that the
benefits achieved are highly dependent on the optimal design and operating conditions of the system.

A CCHP system for fulfilling the load demand of an office and a commercial building in Tehran
was investigated by Hanafizadeh et al. [18]. The capacity of the prime movers was optimized regarding
economy for three different scenarios and the emission reduction was evaluated for the optimal designs.
The optimal solutions resulted in a reduction of electricity purchase from the grid, fuel consumption,
and pollutants.

The literature background shows that, despite several studies in this field, more investigations are
required in order to overcome current shortcomings. As an example, in several studies, the impacts
of outdoor temperature and/or part-load operation on the efficiency and power output of CHP
units are not taken into account. Moreover, more research on complex polygeneration systems
that consist of several generation and storage units using both renewable and non-renewable
energy sources is required. Furthermore, multi-criteria optimization considering the energetic,
environmental, and economic performance of a polygeneration system is an area that requires more
investigation. Therefore, a method for performance evaluation and the design optimization of complex
polygeneration that overcomes some of the shortcomings was proposed by the author [13,19]. In the
developed model, a particle swarm optimization (PSO) [20,21] algorithm was used as the optimization
technique. The objective function of the optimization process was to maximize the energetic, economic,
and environmental performance of the system relative to a defined reference system.

The model aims to optimize a semi self-sustaining polygeneration system, which minimizes
the fossil fuel consumption and maximizes the use of renewable energy. Therefore, in the operating
strategies, the priority was given to renewable heat and power. Several generation (heating, cooling and
electricity) and storage units (heat, cold and electric) that were driven by renewable and non-renewable
energy sources were considered in the model. In similar studies, one or more components, which are
of interest, are missing, and that has a significant impact on the performance of the polygeneration
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system. The grid is only used for balancing purposes and increasing the excess power for merely
maximizing the profit by playing a role in the day-ahead market is not included in the operating
strategies. The details of the optimization tool, energy flow model, and embedded operating strategies
are available in the original paper [13]. In the present study, however, a general outline of the
model, the main principle of the optimization model, and the performance evaluation method are
described briefly.

The climate zone is one of the parameters that significantly influences the load profile, ambient
temperature, availability of the renewable energy sources, such as solar radiation and wind speed,
and the operational characteristics of the prime movers [22]. This consequently can affect the design
and performance of polygeneration systems. Hajabdollahi et al. investigated the performance of
a polygeneration system to provide the energy demand of hotel building in hot, moderate, and cold
climate in Iran [23]. The objective function was to maximize the annual economic benefits as compared
to conventional separate heat and power production system. The size of each component and
the operating strategies were optimized. The highest annual benefit was achieved in the hot and
moderate climate, and the lowest was achieved in the cold climate. Li et al. proposed an improved
method for determining the energy saving ratio of polygeneration systems in various climates using
standard regulation in term of energy management through [24]. The influence of weather on the
size of prime movers [25] and the effect of temperature on the CCHP systems were investigated by
Ebrahimi et al. [26]. The operation of CCHP systems was optimized in terms of energy, economy,
and carbon dioxide emission reduction by Cho et al. for different locations with different climate
conditions [27].

When considering the literature, it can be concluded that climate zone is one of the important
parameters that can affect the benefits that are achieved by a CCHP system. Hence, to make a correct
conclusion about the benefits achieved from a polygeneration system, the effects on the performance
should be determined and realized [24]. However, despite the existing studies, many of the investigated
CCHP systems did not include solar heating and power components and storage devices. In addition,
due the number of studies are limited and more investigation on the impacts of climate zones on the
performance and design of complex polygeneration systems, including solar heating units, solar power
installations, and storage devices is required.

Therefore, in this study, in order to examine these effects, the optimal design and performance
of complex polygeneration systems for an identical residential building complex that is located in
three different climate zones in Iran are investigated. Iran is chosen due to its climate span, but with
approximately the same price for electricity and natural gas in the different locations. Moreover, Iran is
an attractive case due to the extensive use of fossil fuels for heat and power production presently while
it has an abundance solar energy, which can be used in the future energy system.

2. Problem Statement

In this section, the characteristics of the proposed method, system configuration, and problem
formulation are described briefly. Details of the method, operating strategies, and performance
evaluation technique can be found in the method paper [13].

A common approach for the assessment of a polygeneration energy system is to evaluate its
performance relative to a reference system as used in previous studies [28-33]. In the section below,
the reference system and polygeneration system that were used in this study are illustrated and
described in detail.

2.1. Reference System

The schematic of the reference system is illustrated in Figure 1. In the reference system, the heating
is provided by a natural gas driven boiler and the electricity is imported from the utility grid, which is
a conventional fossil fuel driven power plant. The cooling demand is provided by an electric chiller.
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Figure 1. Block diagram of the reference system [13,19].
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The total power demand is the summation of the building’s power demand and the electricity
demand of the electric chiller. The equivalent energy of the fuel consumption by the utility grid is
calculated by the equations below:

Ref
FRe-g _ Pg‘ri q X At O
8rl T]grld % T]Glrld
Ref Ref

where

. ngé is the supplied power by the grid, Pgem_gir is the internal electricity demand and ngﬁ is the
electric chiller power demand, and

. nflr 4 s the power plant efficiency, ndclrid is the grid distribution line efficiency which consider the

losses through the distribution and transmission lines and At is the time-step.

The total corresponding energy of the fuel consumption (FX¢f) in the reference system is given
as below:
Ref __ rRef Ref
Fto? - Fgreid + Fboeiler ®)

where F&ﬁ or and Fggé are the corresponding energy of the fuel utilization in the boiler and the utility

grid respectively.

2.2. Polygeneration System Configuration

The polygeneration system comprises of power, heating, and cooling units that are accompanied
by thermal and electric storage devices. A block diagram of the system is illustrated in Figure 2.
The power is provided by solar panels, wind turbines, and a combined heat and power (CHP) unit.
The heat can be supplied by the heat recovery unit (HRU) annexed to the CHP, an auxiliary boiler and
solar heating (SHU) units. Cooling is supplied by a thermal chiller (Tch) and/or an electric chiller.
To exploit the excess heat and power and to overcome the fluctuating nature of renewable sources,
thermal and electric storages are added in the configuration. In the default model, the system is
connected to the grid; however, it can be easily modified for an off-grid application.

The total equivalent energy of the fuel consumption (Ftlz)(t)ly) is the accumulated fuel energy that is

utilized in the boiler (Fg o ), the equivalent energy of the fuel consumption of the imported power

oiler
from the grid (FPr(i)ily), and the equivalent energy of the fuel consumption in the CHP unit (Fg?;y ),

which can be calculated by the equation below:

Poly _ Poly Poly Poly
Fiot”™ = Fboiler + Fgrid + Fchp @)
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The corresponding energy of the fuel consumption of the grid import (P;;lgp) can be estimated by
the following equation:

Poly
grid = grid grid
Na X Ma

where nflr 4 is the efficiency of the power plant, nfﬁid is the grid efficiency that considers the losses in
the distribution and transmission losses and At is the time-step of the simulation.
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Figure 2. Block diagram of the polygeneration system [13,19].

It should be mentioned that, since a high degree of self-sustainability in term of power is the main
intention of the optimization model, generating excess power on purpose and participating in the
day-ahead market is out of the scope of this work. In other words, maximizing profit by selling the
electricity to the grid is not an immediate goal in the optimization process.

Operating Strategy Description

There are three operating strategies incorporated in the model namely, following electric load
(FEL), modified base load (MBL), and following thermal load (FTL). In the FEL strategy, the CHP
provides the electricity demand, which follows the electric demand at each time-step, resulting in
low excess power from the CHP. In the MBL, the CHP is operated at its rating power and provides
a base load as far as the demand is above the base load. However, if the demand falls below the
base load, the CHP follows the power demand and operates similarly to the FEL. In the FTL strategy,
the CHP units supply the total heating demand and the boiler operates for covering more heating
demand. In this case study, being self-sustained in terms of power is assumed to be an important issue,
and therefore, the FEL is chosen as the operating strategy.

The electricity demand is firstly provided by solar or wind energy, and then through discharging
the storages and next by the CHP units. If there is any excess or deficit power, it will be exported or
imported to/from the grid. The boiler will be operated if there is any heat deficit. In the case of excess
heat, it will be stored in the storage. Additional features of the operating strategies can be acquired
from the method paper [13].
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2.3. Performance Evaluation

To investigate the benefits of polygeneration systems, their performance relative to the reference
system regarding energy, economy, and environment should be evaluated. Annualized Total Cost
Saving Ratio (ATCSR), Fuel Saving Ratio (FSR), and CO, Emission Reduction Ratio (CO2ERR) are
the three criteria that are used for energetic, economic, and environmental evaluation (3-E analysis)
of the polygeneration system as frequently used in the similar analysis [28-33]. In this section,
the performance evaluation method is explained in brief and more details are available in the original
work [13].

The CO, Emission Reduction Ratio (CO2ERR) is estimated, as below:

Pol
CO2tot Y

CO2ERR =1 — -
COyRe

(6)

where COziily and CO,R¢f are the CO, emissions of the polygeneration and reference system,
respectively.
Fuel Saving Ratio (FSR) is calculated by the following equation:

FPoly

_ tot
FSR=1-— F%Ef 7)
tot

where FtI;(t)ly and FX¢f are the equivalent energy of the fuel utilization in the polygeneration system and
reference system, respectively.

The Annualized Total Cost Saving Ratio (ATCSR) is given, as follows:

ATCOY

ATCSR =1 —
ATCR!

®)

where ATCRSf and ATCE)TY are the annualized total cost of the reference and the polygeneration
system through its lifetime.

Payback Period (PBP) and Internal Rate of Return (IRR) are the other metrics that are used in the
economic evaluation of the polygeneration system.

3. Optimization Problem Formulation

In this part, a general overview of the objective function and the optimization method is presented.
Details of the optimization problem formulation and the operating strategies are provided in the
previous work [13,19].

3.1. Optimization Model Overview

As shown in Figure 3, the optimization tool has three main sections: the optimizer; the performance
analysis; and, the energy flow model. A Particle Swarm Optimization (PSO), which is a population-based
algorithm, is used as the optimization technique. The PSO was introduced by Kennedy and Eberhart [20],
and it is shown to be a cost-effective method for identifying high-quality solutions [34,35]. The operating
mechanism of the PSO algorithm is explained in the method paper [13], and more details about the PSO
algorithm can be found in the original work by Kennedy and Eberhart [20].
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Figure 3. Flowchart of the optimization model.

3.2. Objective Function

The objective function is formulated in order to maximize the three metrics that are mentioned in
Section 2.3: FSR; ATCSR; and, CO2ERR. The decision variables are the size of the components and the
goal of the optimization process is to maximize an integrated saving ratio (ISR) that includes all of the
mentioned metrics and is given as follows:

ISR = w; x FSR + w; x CO2ERR + w3 x ATCSR )

where wq, wy and w3 are the weighting factors.
The objective function is formulated as a minimization problem, as given below:

— . L 1
Objective function = Mznzmzze(ISR> (10)

In this study, the economic weighting factor w3 is 0.5 and the environmental and energetic
weighting factors are 0.25 due to their interdependency. However, a further optimized design can
be investigated by considering other combinations of energy, economy, and environmental criteria
through a minor alteration of the objective function by considering the other distribution of the
weighting factors.

4. Application to the Case Study

To investigate the impact of climate zones on the optimal design of a polygeneration system and
its performance, the energy system of an identical residential building that is located in three climate
zones in Iran is optimized for each location. Since the building’s specification and the determination of
its load demand characteristics are beyond the scope of this study, the data from another study that
was conducted by Ehyaei et al. [36] is used.

Case Study Description

The load demand of a hypothetical 10-story residential building with four apartments in each
floor and each apartment with an average floor area of 200 m? was investigated by Ehyaei et al. [36].
Ehyaei and Bahadori, determined the load demand of the identical residential building that was
located in three cities with different climate specifications in Iran [37]: Ahvaz in south of Iran in
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a desert climate with very hot summer and mild, short winters; Tehran in the north of Iran in a cold
semi-arid climate and moderate winters; and, Hamedan in north-west of Iran in a cold climate with
very cold winters, as shown in Figure 4. The TRNSYS database is used to identify the weather data,
including the solar radiation, temperature, and wind speed with an hourly time-step [38]. The average
daily solar radiation in Ahvaz, Tehran and Hamedan are 5.4, 4.7 and 4.6 kWh/ m2/ day, respectively.
The ambient temperature and wind speed for each city are presented in Table 1.
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Figure 4. Climate map of Iran and the location of the selected cities [37].

Table 1. Ambient temperature and wind speed for the identified cities.

City Ambient Temperature (°C) Wind Speed (m/s)
i
Max Min Max
Ahvaz 47 13 4.6
Tehran 37 -2 5
Hamedan 32 -10 10

A comprehensive investigation regarding the thermal and electrical demand of a residential
building in Tehran, Iran was carried out by Ehyaei et al. [36]. Then, the study was performed for
the same building as if it was located in Hamedan and Ahvaz. The average domestic hot water load
demand is shown in Figure 5, however, the profile changes on a monthly basis. The power demand of
the building excluding the power demand of the electric chiller is also shown in Figure 5. These two
load profiles are assumed to be the same in all of the buildings. The heating and cooling load profiles
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of the building for the representative months in each city are shown in Figure 6. More information
about the building specifications and its load demand can be found in the original work [36].

Average domestic hot water Power demand
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0.4 5
® 3 10
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1 4 7 10 13 16 19 22 Time (hours)
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Figure 5. Average domestic hot water load demand (a) and electric power demand of the buildings for
four months (b).
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Figure 6. Heating (a) and cooling (b) demand of the building in Ahvaz, Tehran, and Hamedan [36].
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In the present study, the model was simulated for one-year operation running with an hourly
time-step (8760 h). The peak power, heating, and cooling demand of the building and the aggregated
electricity, heating, and cooling demand during a one-year operation are shown in Table 2. For the
economic evaluation, the interest rate and inflation rate of 13% and 10% are assumed, respectively,
and the lifetime of the project is considered to be 20 years. The efficiency of the power plant
(gas turbine based) and the efficiency of the grid in the reference system are assumed to be 35%
and 88%, respectively, corresponding to the low efficiency of the power plants as well as the grid
transmission lines in Iran [39,40].

Table 2. Peak demand and annual aggregated power, heating, and cooling demand of the building [36].

City
Demand Type
Ahvaz Hamedan Tehran
Electricity 33 33 33

Peak demand (kW) Heating 881 1881 1590

Cooling 4915 1278 2028
Heating 296.02 3729.6 3023.9
Annual demand (MWh) Cooling 11,347 1807.7 2528.2

Electricity 88.2 88.2 88.2

All of the operating strategies that are embedded in the system have advantages and drawbacks,
and the choice of operating strategy is related to the project requirement and specification [19].
However, since self-sustainability in terms of power and independency from the grid is assumed to be
necessary in the defined case, the FEL operating strategy is assigned.

Technical specification of the components, the related costs, the electricity and gas tariff, and the
grid emission factors that are used in the case study are shown in Tables 3—6. Due to the limited
available space for solar PV and solar heating panels and thermal storages, the sizes of these
components are limited in the search space, as shown in Table 7.

Table 3. Technical specification of each component.

Component Parameter Value
Module efficiency (%) 16
Solar PV System Inverter efficiency (%) 98
. . Nominal power of one turbine (kW) 20
Wind Turbine Cut-in/out/rated speed (m/s) [41] 4/16/11
Efficiency (%) [42—44] 26-34
CHP Heat recovery unit thermal efficiency (%) 85
Heat loss in the CHP unit (%) 3
Auxiliary Boiler Thermal efficiency (%) 80
Round trip Efficiency (%) 90
Battery Storage Minimum/maximum State of Charge (%) 20/90
Thermal Chiller [45] Coefficient of performance (COP) 0.7
Electric Chiller Coefficient of performance (COP) 3
Solar thermal Optical efficiency at standard condition 0.8

Thermal storages Loss coefficient of the storage at each time-step (%) 2
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Table 4. Capital cost of each component.

Component Capital Cost Unit Maintenance Cost Unit
Solar PV 2000 USD/kWq 4 USD/KW year
Solar collector [46] 250 USD/m?2 0.5 USD/m? year
Wind turbine 4000 USD/kWg; 25 USD/KW year
CHP (Micro gas turbine) [15,47] 1200-2450 USD/kWy 0.005-0.016 USD/kWhg
Auxiliary boiler 80 USD/kWy, 0.003 USD/kWy,
Battery storage 350 USD/kWy, 0.002 USD/kWhq
Thermal chiller [15,48,49] 230-700 USD/kW. 0.001 USD/kW,
Electric chiller [49,50] 150-380 USD/kW, 0.001 USD/kW,
Heat storage [51] 20 USD/kWh 0.002 USD/kWh year
Cold storage [52] 30 USD/kWh 0.002 USD/kWh year

Note: Estimated costs are based on the mentioned references and available online data.

Table 5. Electricity ! and natural gas price in the market [53].

Commodity Hours Unit Price (USD/kWh)
(22:00-6:00) 0.04
Electricity purchase (7:00-17:00) 0.05
(18:00-22:00) 0.06
Electricity sell - 0.05
Natural Gas - 0.009

1 The presented tariff is hypothetical and according to the current energy market in Iran.

Table 6. Emission factor.

Standard Emission Factor [kg CO,/kWh]

Natural gas [54] 0.202
Grid (Iran) [55] 0.69

Table 7. Optimization search space limitation.

Search Space
Component
Min Max
Solar collector (m?) 0 500
Heat storage (kWh) 0 1000
Cold storage (kWh) 0 1000
Solar PV (kW) 0 230.4

5. Result and Discussion

The optimization was performed for a polygeneration system with the FEL strategy in Ahvaz,
Hamedan, and Tehran. A comparative analysis between the cities was carried out while considering
the following terms:

e  Size of components
e  Performance (3-E analysis)
) Economy

5.1. Component Size

The optimal size of polygeneration systems for each city is shown in Figure 7. There is no battery,
wind turbine, or solar heating panel in any of the optimal solutions due to their high price and the
low price of electricity and gas purchase in the energy market in Iran. The size of the PV panels is the
maximum value of the search space, since it decreases the CO; emission and increases the economy of
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the system by avoided electricity and fuel purchase costs. The sizes of the electric and thermal chillers
are the highest in Ahvaz and the lowest in Hamedan, owing to the high and low cooling demands in
these locations, respectively. Consequently, the building in Ahvaz has the largest CHP system since the
total power demand highly depends on the size of the electric chiller. In other words, the CHP system
cover the power demand (FEL operating strategy) and therefore a larger capacity of CHP system in
a city with a higher total power demand (Ahvaz) would be required. The same reasoning holds true in
explaining the smaller CHP unit size in Hamedan.

M Ahvaz Tehran [JHamedan B Ahvaz ¥ Tehran (3 Hamedan
4000 2500
3500
3000 2000
* . 2500 *
) = 1500
= 2000 =
o 1500 =< 1000
R 7]
¥ 1000 .
v 500
500
o WYY 7 , 5 0 — :
PVv.  CHP Boiler Ech  Tch HS CS
*PV & CHP (kW,), boiler & SHU (kW,)), Ech & Tch (kw,) *CS (kWh_) & HS (kWh, )
(a) (b)

Figure 7. (a) Size of the components; photovoltaic (PV) (solar panels), CHP (combined heat and power),
Ech (electric chiller) and Tch (thermal chiller); (b) HS (heat storage), CS (cold storage).

The cold storage appeared in all of the cities with the highest value in Ahvaz because of its high
cooling demand. The heat from the CHP unit is used for the heating purpose or in the thermal chiller
for cooling purposes. Therefore, there is no heat storage in Hamedan and Tehran, and the size of heat
storage in Ahvaz is quite small.

5.2. Performance Analysis

Performance of the systems in terms of energy, environment and economy are shown in Figure 8.
As shown, based on the integrating saving ratio (ISR), the performance of the polygeneration system is
the highest in Ahvaz and the lowest in Hamedan, which are the hottest and coldest cities, respectively.
Similarly, FSR, CO2ERR, and ISR are the highest in Ahvaz and the lowest in Hamedan. The CO2ERR in
Ahvaz, Tehran, and Hamedan are around 41%, 34% and 27%, respectively. This shows the significant
environmental benefits of the polygeneration systems in all of the cases, especially for a city with a hot
climate like Ahvaz. However, the ATCSR as an economic indicator is relatively low in all of the cases,
which is an obstacle in promoting the application of polygeneration systems in Iran. More details
about the economy of the system are further discussed in Section 5.3.

The total heating, cooling, and electricity production by the polygeneration system, the amount
of excess heat and the amount of imported and exported electricity from/to the grid for each city are
shown in Figure 9. In Ahvaz, due to the high cooling demand, the size of the CHP to provide the
cooling demand of the electric chiller is large, and consequently the amount of heat that is provided by
the CHP is relatively high as well. Part of this heat is used for cooling purposes through the thermal
chiller. However, not all of the exhaust heat can be used, and therefore, the amount of excess heat in
Ahvaz is higher than the other two cities. In Hamedan and Tehran, the amount of available heat from
the CHP units is less and the heat can be exploited for heating purposes due to the colder winters.
The amount of exported electricity is the highest in Hamedan and the lowest in Ahvaz. This is mainly
due to the size of solar installations, which is the same for all of the cities, while the amount of total
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power demand (including the electricity demand of the electric chiller) is the lowest in Hamedan and
the highest in Ahvaz. In addition, during the heating season, which is relatively long in Hamedan,
the power demand is comparatively low and the electricity demand is imported from the grid instead
of running the CHP at low part-load. Therefore, the amount of imported power is relatively high
during the cold season in Hamedan.

N Ahvaz Tehran # Hamedan

50

40

30

20

10

Saving ratios (%)

-10
FSR CO2ERR ISR ATCSR

Figure 8. Fuel saving ratio (FSR), CO, emission reduction ratio (CO2ERR), annualized total cost saving
ratio (ATCSR), and integrated savings ratio (ISR) in Ahvaz, Tehran, and Hamedan.
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Figure 9. Yearly production (a); excess heat (b) and imported /exported power (c).

As presented in Figure 8, the value of CO2ERR for the polygeneration system that is located in
Ahvaz is the highest. This value is related to the heating, cooling, and electricity production. However,
as shown in Figure 10, the specific CO, emission factor, which is the amount of CO, emission per kWh
produced electricity by the polygeneration system is the highest (0.24 kg CO,/kWh)) in Ahvaz and
the lowest (0.1 kg CO,/kWhg)) in Hamedan. This is mainly due to the high share of power production
by the solar PV units in Hamedan, as shown in Figure 10. The share of power generation by the PV
panels is the highest (65%) in Hamedan and the lowest (17%) in Ahvaz. This can be explained by the
fact that while the size of solar panel installations is the same in all of the cities, the power demand is
the highest in Ahvaz and the lowest in Hamedan.

The share of power self-consumption (the ratio of the consumed power in the building to the
total generated power by the polygeneration system) has the highest (98%) and lowest (81%) values
in Hamedan and Ahvaz, respectively. Consequently, the share of exported power in Hamedan is the
highest, while this value is the lowest in Ahvaz. On the other hand, Ahvaz exhibits the share of power
generation by polygeneration systems of 99%, which in comparison to Hamedan (93%) reveals higher
self-sufficiency of the system in Ahvaz.
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Figure 10. Share of solar PV units (a) and specific CO, emission factor (b).

To identify the importance of the thermal chiller and cold storage in the system, the share of
cooling production by the thermal chiller and the share of cold storage in cooling demand supply are
shown in Figure 11. As shown, the share of cooling production by the thermal chiller is the highest
in Ahvaz (26%) due to the higher amount of exhaust heat from the CHP unit in Ahvaz. The share of
cooling-demand supply by the cold storage in Ahvaz and Tehran are around 30%, while in Hamedan
it is around 24%. These figures show the significant role of the thermal chiller and cold storage in
increasing the performance of the polygeneration system as these devices can exploit the excess heat
and power and use them for cooling purposes.

B Ahvaz = Tehran 2 Hamedan M Ahvaz (% Tehran [ Hamedan
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Figure 11. Share of cooling production by the thermal chiller (Tch) (a) and the share of cold storage in
cooling demand supply (b).

5.3. Economic Evaluation

The cost breakdown and the share of each type of cost for the polygeneration systems are shown
in Figure 12. The capital cost is the highest in Ahvaz and the lowest in Hamedan, which is mainly
related to the size of the CHP system. The fuel cost is the highest in Ahvaz and the lowest in Tehran.
The fuel consumption in Ahvaz is mainly related to the fuel consumption in the CHP system. The fuel
consumption in Hamedan is mainly due to the high heating demand and high amount of imported
power from the grid. The costs/benefits of electricity purchased/sold from/to the grid are proportional
to the amount of imported and exported electricity.
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Figure 12. Total cost (a) and cost/income breakdown (b) for the polygeneration system in each city.

The share of the capital cost in Ahvaz, Tehran, and Hamedan are around 56%, 59% and 54%,
respectively, and the differences between these values are not significant. However, the share of fuel
cost is the highest in Hamedan (40%) and the lowest in Ahvaz (26%). Despite the highest share of PV
power generation in Hamedan, the share of fuel cost in a cold city, such as Hamedan, is significantly
larger than a hot city like Ahvaz, which is mainly due to the higher heating demand in Hamedan.

The payback period (PBP), ATCSR, and levelized cost of electricity (LCOE) are the metrics used in
this study. To calculate the LCOE, the electricity is assumed as the main product and the produced
cooling by the thermal chiller and the produced heat by the CHP as by-products, which can bring
income to the system. To assign a price for the produced heat by the CHP, the production cost of the
same amount of heat by a boiler is substituted. For cooling that is produced by the thermal chiller,
the cost is calculated based on the electricity consumption of an electric chiller as if the cooling was
produced by an electric chiller. The LCOE is a metric that is frequently used in the feasibility evaluation
of power systems. However, because of the simultaneous production of electricity and useful heat in
a polygeneration system, this value can be misleading and therefore it should be used along with the
other metrics. As presented in Table §, the levelized cost of electricity is the highest in Hamedan and the
lowest in Ahvaz. The payback periods are relatively long for all of the cities and the implementation
of the polygeneration system in Iran is not economically feasible with the current energy market.
LCOE of the polygeneration system in all of the cases is higher than the price of electricity in the energy
market in Iran (0.06 USD/kWh,)). This, along with the high payback period (more than 19 years),
shows that the polygeneration system is not an economically viable choice in Iran.

Table 8. Economy of the polygeneration system.

City LCOE (USD/kWh,) Payback Period (Years)
Ahvaz 0.07 19
Tehran 0.10 >20
Hamedan 0.11 >20

The results show that the performance of the polygeneration system in the identified case study
is higher in the building that is located in a hot city, such as Ahvaz, when compared to the building
located in a cold city such as Hamedan. A higher share of power production by PV units has a positive
impact on the environmental performance of a polygeneration system. Using the exhaust gas of
the CHP system for cooling purposes has a significant effect on the performance of the system.
Moreover, the results show the significant role of the thermal chiller and cold storage in improving the
performance of the polygeneration system.
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These results can be used as guidance in the planning stage of polygeneration system
implementation. However, due to the large number of variables that are involved, these results
cannot be generalized to other cases and every project should be investigated individually.

6. Conclusions

In this study, the performance of polygeneration systems for an identical building that is located
in three cities in Iran with cold, moderate and hot climates has been investigated. In all of the cities,
the application of the polygeneration systems shows significant environmental and energetic benefits
relative to the reference system. One important finding is the importance of thermal chiller and cold
storage in increasing the performance of the polygeneration systems. Effective exploitation of excess
heat and power for cooling production increases the performance of the polygeneration system.

The comparative analysis shows that the polygeneration system in Ahvaz with a higher cooling
demand is superior regarding energy, environment and economy. The CO; emission reduction
potential in a building that is located in Ahvaz is around 41%, while this value in Hamedan
is around 27%. However, the economic indicators, such as low (even negative) ATCSR and
high payback periods, are not promising, which can be a significant obstacle for promoting the
application of the polygeneration systems. As a general conclusion, regardless of the energetic and
environmental benefits of the polygeneration system in the case studies, with the presented electricity
tariff in the residential building in Iran, the implementation of a polygeneration energy system
is not economically feasible. Various financial mechanisms, such as feed-in-tariffs, tax reduction,
and subsidies, can promote the application of these systems.
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Nomenclature

ATCSR Annualized total cost saving ratio (%)
c cooling (kW)

CHP Combined heat and power
CCHP Combined cooling, heating and power
CO2ERR CO, emission reduction ratio (%)
CS Cold storage

F Fuel Energy (kWh)

FEL Following electric load

FTL Following thermal load

FSR Fuel saving ratio (%)

H Heating (kWy,)

HRU Heat recovery unit

HS Heat storage

i Nominal discount rate (%)

ISR Integrated saving ratio (%)
LCOE Levelized cost of electricity

MBL Modified base load

NPV Net present value

PBP Payback period (year)

PL Part-load (%)

PSO Particle swarm optimization

w Weight factor
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Subscripts

bat Battery storage
cs Cold storage
Dem Demand

dl Distribution line
Ech Electric chiller

el Electricity

exp Export

hru Heat recovery unit
hs Heat storage

imp Import

in Input

out Output

shu Solar heater unit
sup Supply

Tch Thermal chiller
th Thermal

tot Total

wind Wind turbine
Grid Utility grid

Poly Polygeneration system
Ref Reference system
Greek Letters

7 Efficiency (%)
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