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Abstract 

Energy demand for buildings has been rising during recent years. Increasing building energy 
consumption has caused many energy-related problems and environmental issues. The on-site 
community energy system application is a promising way of providing energy for buildings. 
Community energy system usage reduces the primary energy consumption and environmental 
effects of greenhouse gas (GHG) emissions compared to the implementation of the stand-alone 
energy systems. Furthermore, due to the increase in electricity price and shortage of fossil fuel 
resources, renewable energies and energy storage technologies could be great alternative solutions 
to solve energy-related problems. Generally, the energy system might include various technologies 
such as internal combustion engine, heat recovery system, boiler, thermal storage tank, battery, 
absorption chiller, ground source heat pump, heating coil, electric chiller, solar photovoltaics (PV) 
and solar thermal collectors, and seasonal thermal energy storage. 

The economic, technical and environmental impacts of energy systems depend on the system 
design and operational strategy. The focus of this thesis is to propose unified frameworks, 
including the mathematical formulation of all of the components to determine the optimal energy 
system configuration, the optimal size of each component, and optimal operating strategy. The 
proposed methodologies address the problems related to the optimal design of the energy system 
for both deterministic and stochastic cases. By the use of the proposed frameworks, the design of 
the energy system is investigated for different specified levels of GHG emissions ratio, and the 
purpose is to minimize the annual total cost.  

To account for uncertainties and to reduce the computational times and maintain accuracy, a novel 
strategy is developed to produce scenarios for the stochastic problem. System design is carried out 
to minimize the annual total cost and conditional value at risk (CVaR) of emissions for the 
confidence level of 95%. The results demonstrate how the system size changes due to uncertainty 
and as a function of the operational GHG emissions ratio. It is shown that with the present-day 
technology (without solar technologies and seasonal storage), the lowest amount of GHG 
emissions ratio is 37%. This indicates the need for significant technological development to 
overcome that ratio to be 10% of stand-alone systems. 

This thesis introduces novel performance curves (NPC) for determining the optimal operation of 
the energy system. By the use of this approach, it is possible to identify the optimal operation of 
the energy system without solving complex optimization procedures. The application of the 
proposed NPC strategy is investigated for various case studies in different locations. The usage of 
the proposed strategy leads to the best-operating cost-saving and operational GHG savings when 
compared to other published approaches. It has shown that other strategies are special (not always 
optimal) cases of the NPC strategy. 

Based on the extensive literature review, it is found that it is exceptionally complicated to apply 
the previously proposed models of seasonal thermal energy storage in optimization software. 
Besides, the high computational time is required to obtain an optimum size and operation of storage 
from an optimization software. This thesis also proposes a new flexible semi-analytical, semi-
numerical methodology to model the heat transfer process of the borehole thermal energy storage 
to solve the above challenges. The model increases the flexibility of the storage operation since 
the model can control the process of the storage by also deciding the appropriate storage zone for 
charging and discharging. 
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several energy system configurations consisting of solar thermal collectors, photovoltaic panels 

and internal combustion engines by using TRNSYS software. The authors utilized different 

performance criteria; GHG emissions, primary energy consumption and life cycle cost analysis. 

The dimension of the multi-source energy system for varying climate scenarios is investigated by 

Barbieri [31]. 

The thermal load limits electricity production, and peak periods in demand for energy often do not 

align with supply [32]. These limitations lead to increased energy rates and short supplies in the 

periods of highest demand. One of the effective methods to alleviate the discrepancy between the 

supply and demand for energy and to increase the electrical generation capacity of the energy 

system is the application of thermal energy storage (TES). 

The variations in outside temperatures throughout summer and winter cause large heat load and 

cooling load fluctuations over the year. This causes an imbalance of the cooling and heating 

demands. However, the heat load and cooling load are not commonly well-matched with energy 

provided by energy systems or stand-alone systems [33]. As an example, the recovered heat from 

industrial plants depends on the working load of an industrial process or the industrial electricity 

demand, and it is consistent during a year. In this case, there would be extra heat during the 

summer, while the heating demand and cooling demand are small. Accordingly, the seasonal 

demand mismatch signifies an occasion for the employment of the seasonal thermal energy storage 

(STES) systems. Seasonal storage systems can be integrated with either large-scale solar thermal 

collectors or community energy systems or industrial waste heat to compensate for the seasonal 

demand mismatch. 

In summary, electrical, cooling and heating demands of a building alter during a day and also 

during a year. The energy output of an energy system cannot balance with the building energy 

demands. As a result, selecting a proper system configuration, an appropriate sizing of each 

component and using an efficient operating strategy are essential to delivering high energy 

efficiency, economic benefits, and further reducing GHG emissions. It means the economic, 

environmental and energy performances of the energy system depend on the configuration of the 

system, the size of each component and the system operating strategy [16]. 

Considering the extensive literature review, there is still a gap in simultaneous environmental 

assessment and economic assessment of the energy system, including all potential technologies. 
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This is valuable to understand what size the energy system would be to entail both environmental 

and economic benefits. Moreover, the optimal design and operation of an energy system regarding 

both economic and environmental criteria is a complicated task. Equipment models introduce 

nonlinear terms, which makes the model tougher to solve. 

1.2.Research Outline 

The main object of this thesis is to propose different design and operation frameworks for 

community energy systems. The frameworks include the mathematical formulation of all of the 

components, optimization criteria, and suitable methodologies to solve the optimal design problem 

of an energy system. The outputs of the applied framework are the optimal energy system 

configuration, the optimal size of each component and optimal operating strategy. In each design 

framework, a detailed model is presented for energy systems, including non-linear terms 

associated with the partial load operation of each component, and on/off coefficient of each 

component. The system model is turned to the mixed-integer linear programming (MILP) model 

to lower the computational time of the optimization problem. Moreover, the change in the energy 

system size is investigated for different levels of GHG emission ratios (the ratio of the GHG 

emission from the energy system application to those due to the stand-alone system usage). 

This thesis comprises six chapters, including introduction and conclusion chapters. A summary for 

each of the chapters and publications therein is given here: 

Chapter 2: In this chapter, optimal design and operation of combined cooling, heat and power 

(CCHP) system comprising the gas turbine, a fired heat recovery steam generator (HRSG), 

absorption chiller, electric chiller and a boiler are examined comprehensively. Besides, appropriate 

operation strategies concerning different seasons are proposed to optimize the performance of the 

CCHP system based on annual total cost (ATC), primary energy consumption (PEC) and carbon 

dioxide emissions (CDE). The application of the proposed methodology is investigated for a case 

study assuming different climate zones. In this chapter, analytical expressions are derived that 

enable determination of regions where specific operating strategies and modes (specific parts of 

the system are on while others are off) are optimal. These analytical expressions depend on the 

price ratio (the ratio of the electricity price to the natural gas price) and energy demands. The 

contents of this chapter have been published in the Energy Journal [34] after peer review. 
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Chapter 3:  In this chapter, a novel operating strategy that uses overall optimal partial loads of 

power generation unit (PGU) and novel performance curves (NPC) is proposed to optimize the 

energy system operation. Analytical formulations are developed to determine the overall optimum 

partial load of PGU for demands above and below the CCHP operating curve. The designed 

methodology accounts for energy prices, carbon dioxide emissions, primary energy consumption 

factors and load varieties due to the diverse climate zones. Other strategies, such as following 

match performance, hybrid load, electric load, and thermal load strategies, are shown to be the 

particular cases of the NPC methodology.  The performance of a CCHP following the NPC 

methodology is compared to the CCHP performances following other mostly used operating 

strategies such as following match performance, hybrid load, electric load, and thermal load 

strategies. The comparison is made for two small hotel buildings in San Francisco and Miami and 

residential buildings in Dalian, holding different energy demand profiles. The contents of this 

chapter have been published in the Applied Energy Journal [12] after peer review. 

Chapter 4: In this chapter, a design methodology is proposed to addresses the problems associated 

with the optimal design and optimal operation of the energy system under uncertainties in energy 

demand and energy prices. A detailed MILP model is proposed, which captures nonlinear 

performance characteristics of the equipment. The energy system includes all practically available 

technologies such as power generation unit, boiler, heat recovery system, electric chiller, GSHP, 

absorption chiller, heating coil, battery, and thermal storage. The model contains the risk of 

occasionally high CDE. 

A new strategy is developed to generate scenarios for the stochastic problem, which we call RVS 

(random vector sampling) method. First, discrete distributions of the uncertain parameters are 

obtained by the moment matching technique by three points. Then, candidate vectors for different 

sets of three scenarios are built, and their probabilities are normalized. Finally, one vector is 

randomly selected for each uncertain parameter. The proposed methodology is applied to the case 

study in Dalian, China. The size of the system is investigated for both deterministic and stochastic 

cases. The contents of this chapter have been published in the Applied Energy Journal [35] after 

peer review. 

Chapter 5:  In this chapter, an extensive literature review regarding various models of borehole 

heat exchangers is presented. It is a somewhat complicated task to use the available models in 
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optimization software for optimal sizing and optimal operation of the seasonal storage due to the 

high computational time. To solve this challenge, in the second part of this chapter, a new flexible 

semi-analytical, semi-numerical methodology to model is expressed for describing the heat 

transfer process of the borehole thermal energy storage.  Based on the previous models, the heat 

extracted/ injected from/into the storage can be regulated by either changing the water flow rate 

inside each borehole or adjusting the inlet water temperature. However, by offering the new model, 

the flexibility of the storage operation increases because one can control the heat input or heat 

output by choosing an appropriate storage section as well (has a different number of boreholes). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Ph.D. Thesis- Sayyed Faridoddin Afzali McMaster University- Chemical EngineeringPh.D. Thesis- Sayyed Faridoddin Afzali McMaster University- Chemical Engineering

7











Optimal design, operation and analytical criteria for determining
optimal operating modes of a CCHP with �red HRSG, boiler, electric
chiller and absorption chiller

Sayyed Faridoddin Afzali, Vladimir Mahalec*

Department of Chemical Engineering, McMaster University, 1280 Main St. West, Hamilton, ON L8S 4L8, Canada

a r t i c l e i n f o

Article history:
Received 13 April 2017
Received in revised form
24 July 2017
Accepted 8 August 2017
Available online 11 August 2017

Keywords:
Combined cooling, heating and power
(CCHP)
Supplementary �ring
Optimal CCHP operating strategy
Optimal CCHP design

a b s t r a c t

The con�guration, design and operation strategy are the main factors that can affect the technical,
economic and environmental performances of combined cooling, heating and power (CCHP) system. In
this paper, the operation of a CCHP system with �red heat recovery steam generator (HRSG), electric
chiller, absorption chiller and a boiler is classi�ed into one of three scenarios which are determined by
gas turbine size and magnitude of thermal and electric loads. The optimal operating strategies are
presented for these scenarios. For scenario with high cooling loads, we derive analytical expressions for
calculation of ratio (electricity price/natural gas price) values which delimit three optimal modes for
providing cooling demand in summer, thereby enabling selection of optimal operating strategy without
numerical optimization. We examine the optimal design of CCHP system in three climate zones based on
the proposed strategy. Supplementary �ring as well as a higher coef�cient of performance (COP) of the
absorption chiller increase system ef�ciency and enable reduction of gas turbine size. Our case studies
show that supplementary �ring, (for some values of price ratio, absorption chiller COP and climate zone)
the electric chiller and/or the boiler are necessary components to achieve optimal system performance.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Combined cooling, heating and power systems (CCHP) are en-
ergy ef�cient alternatives for supplying electricity, heat and cooling
to large and small-scale buildings. Since there is a �uctuation in
demands for the electricity, cooling and heating during a day and
through different months of a year, a CCHP system needs to be able
to satisfy such varying demands while maintaining high ef�ciency
and producing minimal greenhouse gas (GHG) emissions.

A schematic diagram of a simple CCHP plant with a �red HRSG is
shown in Fig. 1. Large scale systems use the gas turbine (GT) [1,2] as
a power generation unit (PGU). HRSG is used to recover a portion of
heat from the exhaust gas to generate saturated steam. An auxiliary
boiler and an electric chiller are used to provide additional heat and
cooling when needed. If the energy recovered from the exhaust gas
is not suf�cient to produce the required amount of steam or hot
water, a supplementary �ring fuel is used to compensate for it. Such
structure enables the steam �ow rates to be controlled by the

supplementary �ring.
There have been many studies on the CCHP systems, dealing

with optimal operational strategies and design methods. In the
interest of brevity, we will present a summary of those previous
studies that are relevant to our work. Operating strategy of a CCHP
system typically either is following the thermal load (FTL) or it
follows the electric load (FEL) [3] or it is a hybrid strategy (FHL) [4]
which switches between electric load and thermal load following.
In addition, optimal con�guration and operation of a CCHP system
depends on various factors, such as the use of a suitable Organic
Rankine Cycle (ORC) [5,6], optimal capacity of the prime mover [7],
application of the thermal energy storage [8,9] and the use of
renewable energy [10] or distributed energy resources.

Ef�ciency and economic performance of a CHP system in a
sewage treatment plant were analyzed [11,12] by considering
different con�gurations of the prime mover, such as multiple units
of the micro gas turbine of the same size and a combination of
different sizes of the micro gas turbine. It was found that a higher
power generation ef�ciency is achievable by application of an op-
timum combination of the micro gas turbines which required a
higher capital investment. Fumo et al. [13] presented a* Corresponding author. Tel.: þ1 905 525 9140x26386.

E-mail address: mahalec@mcmaster.ca (V. Mahalec).
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v Analysis of the net electrical ef�ciency of a steam turbine [47]
driven by HRSG and supplementary �ring at different loads

Some studies analyzed the effect of supplementary �ring on the
operation of CHP and CCHP systems, and most of them were
focused on economic analysis. Yang et al. [48], Kehlhofer et al. [49]
and Shabbir et al. [50] proposed that HRSG supplementary �ring
can be applied to CCHP and CHP systems to improve �exibility to
meet the demand loads. Bindlish [51] studied real-time optimiza-
tion of a cogeneration plant for scheduling of power production on
a daily basis. He investigated the effect of the supplementary �ring
on exporting the electricity to the grid at different ambient tem-
peratures. Mitra et al. [52] proposed a generalized model for
scheduling of CHP systems under sensitivity of the electricity price
and at various modes including two modes for HRSG, un�red and
�red.

Several other studies addressed supplementary �ring as a var-
iable for designing CHP and CCHP systems. Mokheimer et al. [53]
investigated the technical and economic feasibilities of solar inte-
grated gas turbine CHP system. They showed that duct burner
performance during winter and summer mostly depends on the GT
size, solar energy and ambient temperature. Rossiter [54] investi-
gated the economic tradeoff of using a simple cycle and a combined
cycle power plants in a cogeneration system. He deduced that for
high fuel cost relative to the cost of electricity; the optimum design
is a simple cycle with no supplementary �ring. At moderate cost
ratio, the combined cycle with a little supplementary �ring is the
optimum design. Finally, when the natural gas cost is low, the
combined cycle with high supplementary �ring is valuable. Jabbari
et al. [55] designed and optimized CCHP system included into a
Kraft process for making wood pulp. Supplementary �ring �ow rate
was an important design variable enabling the system to supply the
required electricity and steam by using the steam turbine and the
extracted steam from the steam turbine, respectively. Application
of CCHP system in an industrial facility was examined and reported
in Ref. [56] by Environmental Protection Agency of United States.
CCHP system comprised a gas turbine, �red HRSG, a boiler, and an
absorption chiller. Four different cases were studied by considering
different sizes of the gas turbine. The HRSG was analyzed in two
modes, �red and un�red. It was deduced that the application of
CCHP system with �red HRSG is more economical than the CCHP
with un�red HRSG.

Therefore, by using supplementary �ring, an electric chiller, an
absorption chiller and a boiler, the CCHP system becomes more
valuable but also more complicated. Usage of electricity generated
via the gas turbine, electricity from the grid, recovered exhaust
heat, supplementary �ring and the energy of the boiler should be
managed appropriately to provide cooling in an optimal manner.
Also, recovered exhaust heat, supplementary �ring and the energy
from the boiler should be utilized ef�ciently for heating. As a result,
proposing a suitable operation strategy is crucial.

In this work, optimal design and operation of a CCHP system
comprising GT, a �red HRSG, an absorption chiller, an electric
chiller and a boiler are examined in a comprehensive manner. A
previous study [57] of a system with a similar con�guration with
thermal storage focused on optimizing the operational costs via an
MILP model. In this work, we �rst derive analytical expressions
which enable determination of regions where speci�c operating
strategies and modes (speci�c parts of the system are on while
others are off) are optimal. These criteria depend on the ratio of the
price of electricity to the price of natural gas and energy demands.
They can be used either for deciding how to operate an existing
system or to decide what is the optimal structure of a system which
is being designed. Operation strategy is proposed to optimize the
performance of CCHP system based on annual total cost (ATC),

primary energy consumption (PEC) and carbon dioxide emissions
(CDE). Following that, we present a case study of optimizing CCHP
system for a large consumer in different climate zones. Our case
studies show that under a speci�c set of conditions, the supple-
mentary �ring, the boiler and the electric chiller are essential
components to achieve the optimal system performance.

2. CCHP model

2.1. GT and HRSG without supplementary �ring (un�red mode)

Mass and energy balances for individual pieces of equipment
relate the fuel consumption and the useful energy production by a
CCHP system. We assume that the power generation unit, PGU, is a
gas turbine, GT.

Electricity generated by the GT is:

EGT ðtÞ … FðtÞhGT ðtÞ (1)

where hGT is the GT ef�ciency and F [kW] is the energy produced by
combustion of fuel.

The GT ef�ciency varies throughout the operating range and can
be modeled [3] by Eqs. (2)e(4):

hGT … hnom;GT

�
0:1797 þ 2:329f � 2:334f 2 þ 0:8264f 3

�
(2)

where f [�] is the partial load of GT and is de�ned as follows:

f …
EGT
Enom

; fmin … 0:25 and fmax … 1 (3)

where Enom [kW] is the nominal capacity of GT cycle, fmin and fmax
[�] are the minimum and the maximum partial load operations of
GT, respectively, and hnom;GT is the ef�ciency of GT running at full
load and is de�ned [3] by Eq. (4):

hnom;GT … 0:0409ln ðEnomÞ � 0:0687 (4)

The electrical power generation ef�ciency of GT depends on its
partial load operation and its capacity. As stated by Eq. (2), the GT
ef�ciency increases by increasing the partial load operation. Also,
according to Eq. (4), increasing the capacity of the GT yields an
increase in the electrical generation ef�ciency.

Recovered heat from GT cycle via HRSG in un�red mode is given
by Eq. (5):

Qrec�unf ðtÞ … FðtÞ‰1 � hGT ðtÞ�hHRSG�unf (5)

where hHRSG�unf is the ef�ciency of HRSG in un�red mode and
Qrec�unf [kW] is the recovered heat.

The electrical output of a CCHP system without supplementary
�ring is related to the thermal output of the CCHP system by the
following equations (Mago et al. [57]):

EGT … KQrec�unf (6)

where K [�] is de�ned by Eq. (7):

K …
hGT

hrecð1 � hGT Þ
(7)

where hrec (the same as hHRSG�unf ) is the ef�ciency of the heat re-
covery system in the un�red mode.
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2.2. Maximum amount of supplementary �ring

The maximum amount of supplementary fuel is constrained
[58] either because of the mechanical limitations of devices such as
the evaporator or due to the oxygen limit in the exhaust gas or in
some cases because of the limiting pinch point consideration. After
the fuel is added to the exhaust gas coming from the GT cycle, the
exhaust gas temperature at the entry to HRSG increases from 450 to
500 �C to 980e1000�C . The actual increase depends on the steam
saturation pressure, the load of the prime mover, etc. Hence, at the
design stage, the maximum temperature of the gas entering HRSG
should be set at a particular value. Previous work [59] suggested
that the heat recovery capacity should be such that the stack
temperature stays above the minimum value of 100�150�C to
avoid acid precipitation and prevent corrosion.

Bischi et al. [60] stated that there is a linear relation between
fuel burnt in the GT cycle and the supplementary �ring fuel, but
they didn't provide an analytical relationship. This relationship can
be derived from energy balance (see the supplementary material)
as shown by Eq. (8):

Fsf ðtÞ … FðtÞ

"
ð1 � hGT Þ

hDB

 
qex�f ðtÞ
qex�unf

� 1

!#

(8)

where qex�f and qex�unf [K] are the exhaust gas temperature
entering to the HRSG at �red and un�red modes, respectively and
hDB is the duct burner ef�ciency. Eq. (8) relates the energy gener-
ated by burning the supplementary fuel with the exhaust gas
temperature in �red and un�red modes.

If qex�f �max is the maximum allowable temperature of the
exhaust gas, then the constraint on the supplementary �ring fuel is
as follows:

Fsf ðtÞ � FðtÞ

"
ð1 � hGT Þ

hDB

 
qex�f �max

qex�unf
� 1

!#

(9)

Depending on the variations of power and thermal demands
over some periods, supplementary �ring may be used up to the
amount constrained by Eq. (9).

2.3. HRSG ef�ciency and amount of heat recovered in �red mode

One of the technical parameters used for CCHP performance
assessment is the total ef�ciency hCCHP , (based on cogeneration
ef�ciency de�nition) which for a simple CCHP cycle can be
expressed as follows:

hCCHP … 1 � qs (10)

where qs [�] is the fraction of incoming energy lost in the stack
(amount of energy wasted in the stack per unit amount of the en-
ergy supplied to the GT cycle).

The difference in CCHP ef�ciency between the �red and un�red
modes can be expressed as follows (refer to the supplementary
material):

hCCHP�f � hCCHP�unf … ð1 � hGTÞ
�

c � hHRSG�unf

� c0 M
cðM þ 1Þ

(11)

where hCCHP�f and hCCHP�unf are the �red and un�red CCHP ef�-
ciencies, respectively, and

M …
ð1 � hGT Þ

hDB

 
qex�f

qex�unf
� 1

!

(12)

Parameters c’ and c [�] are correction factors which are used in
the de�nition of CCHP and HRSG ef�ciencies, respectively (refer to
the supplementary material).

By assuming that the mass �ow rate and �nal exhaust gas
temperature remain almost constant during supplementary �ring
[2], HRSG ef�ciency in the �red mode is as follows (refer to the
supplementary material):

hHRSG�f …

�
qex�f

qex�unf
� 1
��

c � hHRSG�unf

�

�
qex�f

qex�unf

� þ hHRSG�unf (13)

where hHRSG�f and hHRSG�unf are �red and un�red HRSG ef�-
ciencies, respectively.

The ef�ciency of the HRSG increases by increasing the partial
load or increasing the supplementary �ring fuel [61] as stated by
Eq. (13).

Total heat recovered by HRSG in a �red mode is as follows:

Qrec�f ðtÞ …
n

FðtÞ‰1 � hGT ðtÞ� þ Fsf ðtÞhDB

o
hHRSG�f ðtÞ (14)

Substituting Eq. (13) and Eq. (8) into Eq. (14) leads to (refer to
the supplementary material):

Qrec�f ðtÞ … FðtÞ‰1 � hGT ðtÞ�hHRSG�unf þ c hDBFsf ðtÞ (15)

Using c hDB … 1 leads to small errors and it makes optimization
simpler while still achieving acceptable accuracy. Theoretical duct
burner ef�ciency is 100% [44,58,62,63] which means that the HRSG
absorbs all of the fuel consumed by the duct burner.

2.4. CCHP demand energy balance

If the heat loss in HRSG is designated as hHRSG�loss (it is usually
1%e2% as shown in Ref. [38]) then the remaining heat recovered by
the system is:

Qeff ðtÞ … Qrec�f ðtÞð1 � hHRSG�lossÞ (16)

The total electricity consumed by the users is the sum of the
electricity produced by GT and the electricity imported from the
grid minus the electricity used to power the electric chiller. Hence,
the electrical energy balance is shown by Eq. (17):

EdðtÞ … EGT ðtÞ þ EgridðtÞ �
aðtÞQcdðtÞ

COPec
(17)

where a is the portion of cooling demand supplied by the electric
chiller and COPec is the coef�cient of performance of the electric
chiller.

Some fraction b of the recovered heat from HRSG and fraction
d of the heat supplied by the boiler are used to meet the demand for
heating, which is shown by Eq. (18).

bðtÞQeff ðtÞ þ dðtÞQbðtÞ …
QhdðtÞ

hhc
(18)

where Qhd [kW] is the rate of the heating demand at time t [hr], hhc
is the heating coil ef�ciency and Qb [kW] is the boiler duty.

Since HRSG, boiler and the electric chiller (which is supplied by
the excess electricity from the grid) provide energy for the fraction
(1 � a) of the cooling demand, the energy balance for the cooling
demand is as follows:
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‰1 � bðtÞ�Qeff ðtÞ þ ‰1 � dðtÞ�QbðtÞ �
EexcessðtÞCOPec

COPac

…
‰1 � aðtÞ�QcdðtÞ

COPac
(19)

where COPac is the coef�cient of performance of absorption chiller
and Eexcess [kW] is the electricity imported from the grid and sent to
the electric chiller. COP of the absorption chiller depends on
different manufacturers and varies slightly with changes in the
partial load [18,64e66]. This parameter mostly depends on the
temperature of the generator and then the temperatures of the
evaporator and the condenser [23,67]. Changing evaporator and
generator temperatures at �xed condenser temperature [67]
changes COP. As a result, we will assume different ranges of COP
from 0.7 to 1.2 [68]. We assume the absorption chillers used in
Refs. [3,69] for this study.

For all of Eqs. (17)e(19):

0 � a; b; d � 1 (20)

We should note that a; b and d cannot take any value. For
example when 0 < b < 1 then d … 0 or when a … 1 the value
of b … 1. It is assumed the recovered exhaust heat is utilized �rst to
satisfy the heating.

3. CCHP operation modes in different seasons

Let us assume that the electric demand and the thermal demand
are greater than the minimum output of the CCHP system. We will
consider three demand/supply scenarios:

i. Scenario A: Demand for electricity Ed is less than or equal to the
amount of the electricity which is generated when burning the
amount of fuel required to meet the thermal demand Qd, i.e.
Ed � KQd. In addition, demands for electricity plus electricity
needed for cooling are less than or equal to the capacity of the
gas turbine, Eq. (21). This constraint is valid during some hours
of the transition season and the winter.

Ed þ
Qcd

COPec
� Enom (21)

ii. Scenario B: Demand for electricity, Ed, is less than or equal to the
amount of electricity which is generated when burning the
amount of fuel required to meet the thermal demand Qd, i.e.
Ed � KQd. In addition, demands for electricity plus electricity
needed for cooling are greater than the capacity of the gas tur-
bine, Eq. (22). This constraint is true during some hours of the
winter season when the electrical demand is high and in the
summer when the cooling demand is high.

Ed þ
Qcd

COPec
> Enom (22)

iii. Scenario C: Demand for electricity is greater than the amount
of electricity which is generated when burning the amount of
fuel required to meet the thermal demand Qd, i.e. Ed > KQd.
Thermal demand, Qd [see Eq. (23)], comprises of the energy
required for heating and the energy used to power the ab-
sorption chiller for cooling. This scenario exists mostly in the
transition season. Thermal demand is calculated as bellow:

Qd …
Qhd
hhc

þ
Qcd

COPac
(23)

Our goal is to derive the optimal operating strategy and
con�guration (i.e. pattern describing which parts of the CCHP
system are “on” or “off”) which produces the minimum excess
thermal and electric energies.

3.1. Scenario A

To express the proposed operation strategy clearly, we will use
results of comparing operation of CCHP with and without supple-
mentary �ring (�red or un�red), which are shown in Fig. 2. These
results correspond to a CCHP system operating in winter. Detailed
description of the system is given in the supplementary material.

Fig. 2 shows the optimal operation of the CCHP system for
different amounts of the heat demand and the �xed values of the
electric demand and cooling demand subject to the constraint in
Eq. (21). There are two distinct operating regions.

Region I: In this region, the entire heating demand can be sup-
plied by the heat recovered from the exhaust gas of GT cycle. At
smaller loads, heating and cooling demands are supplied by the
recovered exhaust gas heat and the electric chiller does not operate
(Ed … K Qd) and all generated electricity is used to meet the elec-
trical demand. Further increases in the heat demand (Ed � KQd
constraint remains valid) lead to some portion of the cooling de-
mand being supplied by the electric chiller powered by the elec-
tricity generated by the GT cycle, which in turn supplies heat to
meet the heating demand via the recovered exhaust heat. This
operation continues up to 6300 kW heat demand when GT load
reaches to maximum load (which is at Ed þ Qcd

COPec
) and all heat

recovered from the exhaust gas is used in the heating coil to satisfy
the heat demand. In this case, the cooling demand is provided
totally by the electric chiller.

Region II: In this region, the maximum recovered exhaust gas
heat is lower than heating demand, so the supplementary �ring
supplies extra heat as required to meet the heating demand.
Additional heat is generated by the auxiliary boiler when the
supplementary �ring is at its maximum value as given by Eq. (29).

Let us describe region I and region II in the form of energy bal-
ance equations. In region I demands are supplied without using
supplementary �ring fuel, the boiler and the electricity from the
grid. The electric energy balance equation is given by Eq. (24)
(HRSG ef�ciency in un�red mode is represented as hrec for
simplicity):

Ed … FhGT �
aQcd
COPec

(24)

Heating and cooling energy balance equations are:

Qhd
hhc

… bF‰hrecð1 � hGT Þ� (25)

ð1 � aÞQcd
COPac

… ð1 � bÞF‰hrecð1 � hGTÞ� (26)

In this case 0 < b < 1. If b > 1, then a … 1 and b … 1 since all of the
cooling demand should be met by the electricity generated in GT
and all recovered heat goes to the heating coil. This situation exists
mostly for winter, i.e. low cooling demand and high heating de-
mand. In this situation, scenario A region II is applicable. Therefore,
the heating balance is described by either by Eq. (27) or Eq. (28).
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Qhd
hhc

… F‰hrecð1 � hGT Þ þ M� (27)

and in the extreme case if M > Mmax then:

Qhd
hhc

… F‰hrecð1 � hGT Þ þ Mmax� þ Qb (28)

where Mmax is de�ned as bellow:

Mmax …
1
F

min

2

4

�
1 � hnom;GT

�

hDB

 
qex�f �max

qex�unf
� 1

!

Fnom; CaDB

3

5

(29)

where CaDB [kW] is the supplementary fuel (duct burner) capacity.

3.2. Scenario B

If Ed � Enom, then two different situations may be existed based
on the heating demand amount.

(i) Qhd
hhc

� Qnom�unf , where Qnom�unf [kW] is the maximum un-
�red recovered heat.

In this case, the value of b is calculated from Eq. (24), Eq. (25)
and Eq. (26). Otherwise, some of the heating demand should be
supplied by supplementary �ring and then by the boiler as
described by Eq. (27) and Eq. (28), respectively, and by
setting F … Fnom. For cooling demand inequality given by Eq. (30)
holds:

ð1 � aÞQcd
COPac

> ð1 � bÞFnom

h
hrec

�
1 � hnom;GT

�i
(30)

Eq. (30) states the remaining amount of the cooling

demand ‰ð1 � aÞQcd�, is more than the remaining amount of the
recovered exhaust gas energy. Therefore, Eq. (31) and Eq. (32)
describe the supply of the rest of cooling demand. This situation
mostly exists in summers.

gQcd
COPac

… ð1 � bÞFnom

h
hrec

�
1 � hnom;GT

�i
(31)

Eq. (31) states exhaust heat recovered can supply g fraction of
cooling demand.

ð1 � g � aÞQcd … Qrem (32)

The rest of the cooling demand which is Qrem should be provided
by optimum application of supplementary �ring, the grid elec-
tricity and the boiler.

(ii) Qhd
hhc

> Qnom�unf

Based on the heating demand value, heating demand energy
balance can be established by either Eq. (27) or Eq. (28)
when F … Fnom. This situation exists in winter and when the elec-
tric demand is high and not much of cooling is needed.

If the cooling demand is not satis�ed by the electricity from the
GT, its remaining amount can be provided by optimum usage of
supplementary �ring, the boiler and the electricity from the grid.

ð1 � aÞQcd … Qrem (33)

when Ed > Enom, the electric energy balance equation is as Eq. (34)
and all of Eq. (26)e(32) should be solved with considering a … 0.

Ed … Fnomhnom;GT þ Egrid (34)

3.2.1. Determining Qrem
In general, to supply the cooling demand, there are three modes

Fig. 2. Supplying heating demands for scenario A for CCHP systems with �red HRSG and CCHP with un�red HRSG with different sources.
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of the system based on different values of the price ratio (cost of
electricity/cost of natural gas):

� Mode 1: Cooling demand is met �rst by the use of heat recovered
from the exhaust, next by surplus electricity from GT cycle, then
by the supplementary �ring, and �nally by the boiler.

� Mode 2: Cooling demand is ful�lled �rst by the use of heat
recovered from the exhaust (if available), next by surplus elec-
tricity from GT cycle, then by the supplementary �ring, and
�nally by using the electricity from grid to power the electric
chiller.

� Mode 3: Initially heat recovered from the exhaust gas powers
the absorption chiller, followed by the electric chiller with
electricity from the GT cycle and �nally the grid.

Eqs. (35) and (36) are used to determine the price ratio limits
(sL) and (sU), which bracket the region where the supplementary
�ring and the electricity from the grid are utilized while the boiler
is shut down.

1
ATCSP

�
CN �

CECOPac

COPec

�
…

1
CDESP

�mCO2;ECOPac

COPec
� mCO2;N

�

þ
1

PECSP

 
COPac

hgridhpgu;spCOPec
� 1

!

(35)

where mCO2;E and mCO2;N [g/kWh] are CDE factors of the electricity
from the grid and natural gas, respectively, CE and CN [$/kWh] are

costs of the electricity and natural gas, respectively, and hpgu;sp is
the PGU ef�ciency of SP system. Solution of Eq. (35) for a speci�c
value of the natural gas price, CN, is the electric price, CE . Their ratio
is the lower bound of the price ratio sL.

The analogous procedure is applied to Eq. (36) yields the upper
bound of the price ratio; sU :

1
ATCSP

�
CN � hb

CECOPac

COPec

�
…

1
CDESP

�mCO2;ECOPac

COPec
hb � mCO2;N

�

þ
1

PECSP

 
COPac

hgridhpgu;spCOPec
hb � 1

!

(36)

If we minimize objective function j comprised of equally
weighted total annual cost, carbon dioxide emissions plus primary
energy consumption and plot its optimal (lowest possible) values
against various values of the price ratio s for each of these three
operating modes and four different absorption chiller COPs, results
are as shown in Fig. 3. For example as shown in Fig. 3 (b), by using
the absorption chiller with COP … 0.8, the lower limit of price ratio
is sL … 3:6, and the upper limit is sU … 8. It means that when the
price ratio is less than 3.6, the operating mode 1 is optimal since
this mode has the lowest possible objective function (j) in this
region. If the price ratio is between 3.6 and 8, mode 2 is chosen as
the optimal operational strategy. Otherwise, mode 3 is the best one.

Criteria for choosing the optimal operational strategies for
different modes are summarized in Table 1.

Fig. 3. Determining the lower and the upper price ratios which delimit three optimum operation modes of CCHP system for determining Qrem .
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3.3. Scenario C

In this scenario, the supplementary �ring is employed when the
thermal demand is more than the maximum recovered exhaust gas
heat and the GT works at full load. When the thermal demand is
lower than the maximum recovered heat, there is no need for a
supplementary �ring or the boiler, since the thermal demand is
satis�ed by the thermal output of the CCHP system. If thermal
demand is more than Qnom, optimum operating strategy for appli-
cation of supplementary �ring is a combination of scenario A region
II and scenario B. All possible cases are summarized in Table 2.

When Ed < Emin or Qd < Qmin the system can operate at its
minimum capacity which is:

Emin … 0:25; Emax … 0:25Fnomhnom;GT (37)

In this case, the system operates at its minimum capacity
if ji � 1. Otherwise, the system doesn't operate and the energy
demand is met by the SP system.

The decision-making process based on the proposed strategy is
summarized in Tables 3 and 4. Following Tables 1, 3 and 4, we can
calculate the load of GT, supplementary �ring fuel and the optimum
application of different equipment to provide the energy for the
loads in different seasons.

At the design stage, there are three degrees of freedom: Enom,
Mmax and the electric chiller capacity. They should be determined
based on the optimal operating mode (strategy) presented in this
section. After determining these three values, sizes of the remain-
ing equipment, such as the absorption chiller and the boiler can be
determined.

4. Case study: optimization of a CCHP with supplementary
�ring

In order to evaluate operation and design of CCHP system with
supplementary �ring in different climate zones, the hotel located in
Dalian, China [3] is selected as a base case study (zone1). There are
four single 24 �oors buildings in the hotel. The chosen city has
warm summers and cold winters. Energy demands of the buildings
are shown in Fig. 4. Table 5 provides regional demand coef�cients
[19] which can be used to determine the demands for other climate
zones as shown by Eqs. (38)e(40).

Ej
d … f j

eEd (38)

Qj
hd … f j

hQhd (39)

Qj
cd … f j

cQcd (40)

where superscript j represents different climate zones.

4.1. Solution methodology

Eqs. (1)e(8) and Eqs. (15)e(20) represent the CCHP model
which has been optimized based on the performance criteria
de�ned in section 4.2. The model has been written in GAMS version
24.7.4 based on the proposed strategy and solved by �nding a
starting point (move away from zero value of the variables) by
IPOPT version 3.12, �nding a local optimum by CONOPT version
3.17A and then solved to optimality by BARON version 16.8.24 (see

Table 1
Optimal use of energy sources to meet the cooling demand.

Price Ratio Exhaust Recovery Electricity form GT Supplementary Firing Boiler Grid

Mode 1 sU < s Yes Yes Yes Yes No
Mode 2 sL < s < sU Yes Yes Yes No Yes
Mode 3 s < sL Yes Yes No No Yes

Table 2
Operating strategies for scenario C.

Cases Ed � Enom Ed < Enom

Qd � Qnom�unf If Qhd
hhc

� Qnom

The procedure is the same as Scenario A region II
If Qhd

hhc
< Qnom

The operation strategy is the same as scenario B

N/A

Qd < Qnom�unf supplementary �ring is off
Electric chiller is off
Boiler is off

supplementary �ring is off
Electric chiller is off
Boiler is off

Table 3
Decision table for all demands of scenarios A and B.

Ed < KQd
Qhd
hhc

> Qnom�unf
Qhd
hhc

� Qnom�unf

Ed > Enom Ed � Enom
Scenario B 1-Let F … Fnom , a … 0

2- Solve Eqs. (24), (27) and (33)
Scenario B 1-Let F … Fnom , a … 0

2- Solve Eqs. (26), (31), (33) and (34)
Ed � Enom Ed > Enom

Scenario A 1-Let a,b … 1
2- Solve Eqs. (24) and (27)

Scenario A Solve (24), (25) and (26)

Scenario B 1-Let F … Fnom
2- Solve Eqs. (24), (27) and (33)

Scenario B 1-Solve Eqs. (24)e(26)
2-If a or bs1, let F … Fnom
3- Solve Eqs. (24), (25), (31) and (32)
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Fig. 5).
The maximum execution times for IPOPT, CONOPT and BARON

have been set at the 60s, 80s and 3000s, respectively.

4.2. Performance criteria

To optimize the operation of CCHP system with �red HRSG, the
sum of equally weighted three indicators is used: primary energy
consumption (PEC), CO2 emissions (CDE), and annual total cost
(ATC) which can be expressed as dimensionless ratios in order to be
able to consider them simultaneously. The performance with
respect to each of these criteria is compared to a separate pro-
duction system (SP) comprised of a grid, a separate heating, and a

separate cooling system.
Primary Energy Consumption Ratio (PECR) is de�ned as the total

amount of fuel used by GT, supplementary �ring, the boiler and the
electricity imported from the grid in the CCHP system relative to
the fuel consumption by the SP system.

PECR …

P

t

h
FðtÞ þ Fsf ðtÞ þ QbðtÞ

hb
þ EgridðtÞþEexcessðtÞ

hgridhpgu;sp

i

P

t

nh
EdðtÞ þ QcdðtÞ

COPec

i.�
hgridhpgu;sp

�
þ QhdðtÞ=ðhbhhcÞ

o

(41)

where hgrid is the power transmission ef�ciency.
Annual Total Cost (ATC) includes annualized equipment capital

costs and operating costs which include fuel and electricity prices,
maintenance cost and other cost related to workers.

ATCCCHP … R
X

i
CiCai þ

X

t

(�
FðtÞ þ Fsf ðtÞ þ

QbðtÞ
hb

�
CN

þ
EgridðtÞ þ EexcessðtÞ

hgrid
CEðtÞ

)

(42)

where Cai [kW] is the capacity of each equipment in CCHP,
Ci [$/kW] is the unit price of each equipment per kW, and R [�] is
the capital recovery factor de�ned as follows:

R …
ið1 þ iÞn

ð1 þ iÞn � 1
(43)

Herein i is an interest rate and n is the service life of the
equipment. It is assumed that all equipment items have the same
service life.

Annual total cost ratio (ATCR) is de�ned in Eq. (44).

Fig. 4. The energy load of the hotel in zone 1 in respective day.

Table 5
Regional coef�cients for calculating annual energy consumption.

Climate zone climate Regional coef�cient

fe fc fh

Zone 1 Warm summer, cold winter 1.00 1.00 1.00
Zone 2 Very warm summer, cold winter 1.00 1.5 1.00
Zone 3 Hot summer, cool winter 1.00 2 0.5

Table 4
Decision table for all demands of scenario C.

Ed � KQd
Qd � Qnom�unf

Qhd
hhc

> Qnom�unf
Qhd
hhc

� Qnom�unf

1-Let F … Fnom , a…0
2-solve Eqs. (27), (33) and (34)

1-Let F … Fnom
2- Solve Eqs. (25), (31), (32) and (34)

Qd � Qnom�unf

1-Solve Eq. (34) let F … Qd
ð1�hGT Þhrec

2- Solve Eqs. (25) and (26)

Fig. 5. Application of three different solvers in GAMS for solving NLP.
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ATCR …
ATCCCHP
ATCSP

(44)

Carbon Dioxide Emissions (CDE) [70] are calculated as follows:

CDE … mCO2;EE þ mCO2;NF (45)

where E and F represent the electricity from the grid and fuel
consumption. Carbon dioxide emission ratio (CDER) is de�ned as
shown in Eq. (46).

The objective function is a weighted of sum of the above three
criteria, i.e.:

minj … u1PECR þ u2ATCR þ u3CDER (47)

where uk is a weighting factor for each criteria k. In this work equal
weighting factors are assumed, i.e. uk … 1

3; k … 1; 2; 3.

5. Results and discussions

5.1. Comparison of optimal design of CCHP with �red HRSG and
CCHP with un�red HRSG

In order to assess the effectiveness of supplementary �ring,
design of two con�gurations is evaluated. The �rst con�guration is
a CCHP system with �red HRSG (Y-SF) and the second is a CCHP
system with un�red HRSG (N-SF). The CCHP system consists of a GT,
�red HRSG, a boiler, an absorption chiller and an electric chiller.
Table 6 shows the optimal capacity (output energy) for all three
climate zones based on the proposed strategy in section 3. Table 7
shows the improvement [%] in PECR, CDER and ATCR relative to SP
system.

For all values of the absorption chiller COPs, the optimal GT size
for zone 3 is more than for the other two zones, because the cooling
demand in zone 3 is more than the other two zones. This causes
some of the cooling demand to be provided by the surplus elec-
tricity and the recovered heat produced in the GT Cycle. Because of
the larger GT size in this zone, supplementary �ring (duct burner)

and boiler capacities decrease since more of the recovered exhaust
gas heat is available.

In all climate zones and for all absorption chiller COPs (except
zone 1 and absorption chiller COP … 0.7), the comparison of CCHP
Y-SF and N-SF shows that the use of supplementary �ring fuel in the
duct burner leads to the reduced sizes of the GT, the electric chiller
and the boiler in CCHP Y-SF. This is due to the fact that it is more
ef�cient to meet some of the cooling demand by the surplus fuel
burnt in the duct burner instead of using GT with a higher capacity.
For zone 1 and with absorption chiller COP … 0.7, use of supple-

mentary �ring doesn't change the GT capacity, which is due to the
lower COP of absorption chiller, lower ef�ciency of GT at lower
partial load and the lower amount of the cooling demand relative to
the other cases.

Improvement in the absorption chiller COP (by e.g. switching
from one stage to two stages chiller) causes the capacity of the GT
and the electric chiller to decrease. The boiler size will increase
because it is more ef�cient to supplement cooling demand via the
absorption chiller. Although the supplementary �ring is more
effective than the boiler, the supplementary �ring size (duct burner
size) will decrease, because it has a straight relation with GT size
based on Eq. (8).

From Table 6, the boiler is needed in zone 3 of the CCHP Y-SF
when the COP of absorption chiller is 1.2 and this is because of the
reduction of the GT size. However, the boiler is not needed for other
absorption chiller COPs in this zone. Moreover, the electric chiller is
a necessary device for all zones of CCHP Y-SF when the single stage
absorption chiller is applied. By switching from one stage to two
stages chiller, the electric chiller is not required in CCHP Y-SF
con�guration for zone 1. Also, when the COP … 1.2, the electric
chiller is not needed in climate zone 2.

Based on Tables 6 and 7, by using double effect absorption
chillers (COP … 0.9 and COP … 1.2), the application of supplemen-
tary �ring is more valuable. GT size of CCHP Y-SF is less than CCHP
N-SF, the boiler and the electric chiller capacity decrease, and the
performance of CCHP system based on all criteria will be improved.

In all climate zones, the performance of CCHP system with �red
HRSG is more ef�cient than the CCHP with un�red HRSG. Clearly,

Table 6
Optimal capacity of equipment by using absorption chiller with different COPs.

GT SF fuel Boiler Absorption chiller Electric chiller

Y-SF N-SF Y-SF N-SF Y-SF N-SF Y-SF N-SF Y-SF N-SF

absorption chiller COP … 0.7 Zone1 2697 2697 3064 0 2514 5236 4700 4400 600 1000
Zone 2 3295 3326 3040 0 2145 5014 5301 5302 2946 2950
Zone 3 3683 3700 178 0 0 168 5748 5777 5220 5220

absorption chiller COP … 0.8 Zone1 2350 2406 3050 0 2656 5311 5200 4697 300 798
Zone 2 3124 3165 3040 0 2543 5079 6520 6270 1840 2010
Zone 3 3520 3633 1250 0 0 3124 7338 6498 3660 4500

absorption chiller COP … 0.9 Zone1 2273 2350 3048 0 2676 5322 5499 5229 0 468
Zone 2 2970 3003 3025 0 2368 5136 6986 6740 1260 1509
Zone 3 3097 3454 2622 0 0 270 8806 7274 2193 3723

absorption chiller COP … 1.2 Zone1 2000 2147 3039 0 2718 5350 5500 5499 0 0
Zone 2 2354 2406 3010 0 2656 5311 8250 8146 0 102
Zone 3 2764 2884 1945 0 670 1443 10197 9853 803 1146

CDER …

P
t

n
mCO2;E

h
EgridðtÞ þ EexcessðtÞ

i
þ mCO2;N

h
FðtÞ þ Fsf ðtÞ þ QbðtÞ

hb

io

P
t

n
mCO2;E

h
EdðtÞ þ QcdðtÞ

COPec

i
þ mCO2;N

QhdðtÞ
hbhhc

o (46)
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CCHP system will be improved for all criteria PECR, CDER and ATCR
by adding supplementary �ring. For zone 1, the best optimal design
can be obtained by using an absorption chiller with COP … 0.9 and
for CCHP Y-SF con�guration. The percentage of reduction of the
objective function with respect to SP system is 25.8%. For other two
zones, zone 2 and zone 3, the best optimal designs are when
COP … 1.2 because of the higher thermal demands with respect to
zone1.

Section D of supplementary material explains differences be-
tween the optimum design of the CCHP based on a single-objective
function and based on a weighted sum of multi-objectives function.

5.2. Sensitivity analysis

The costs of the natural gas and the electricity are very impor-
tant when designing a CCHP system. To evaluate the effect of the
natural gas price on the design of CCHP system for both con�gu-
rations, the electric price is kept constant and the natural gas price
changes from 0.02 to 0.08 $/kWh [71].

Fig. 6 shows the gas turbine sizes for both CCHP con�gurations
for a hotel located in the climate zone 2 and for four different ab-
sorption chiller COPs. For when COP … 0.7, the GT size of CCHP Y-SF
is smaller than GT size in CCHP N-SF when the natural gas price is
less than 0.0371 $/kWh. For a higher natural gas price, both

Table 7
Improvement [%] of performance criteria due to supplementary �ring.

COP … 0.7 COP … 0.8 COP … 0.9 COP … 1.2

Zone1 Zone2 Zone3 Zone1 Zone2 Zone3 Zone1 Zone2 Zone3 Zone1 Zone2 Zone3

Y-SF
PECR 19.1% 19.4% 11.4% 20.1% 19.9% 12.3% 19.7% 21.2% 14.5% 20.2% 24.1% 19.9%
ATCR 23.1% 24.1% 16.2% 24% 25.4% 18.4% 25.1% 26.6% 20.6% 23.6% 28.7% 24.5%
CDER 32.1% 33.9% 28% 32% 33.9% 28.5% 32.7% 34.7% 29.7% 29.1% 35.6% 33.2%
J 24.8% 25.8% 18.5% 24.7% 26.4% 19.8% 25.8% 27.5% 21.6% 24.3% 29.5% 25.9%
N-SF
PECR 16.9% 17.5% 10.4% 18.1% 19% 12.7% 17.1% 20.3% 14.4% 19% 23% 19.5%
ATCR 21.4% 22.9% 15.5% 23% 24.1% 17.2% 22.5% 25.2% 19.5% 22.3% 27.5% 23.8%
CDER 30% 32.1% 27% 30% 33.1% 28.7% 26.7% 34% 29.9% 28.4% 34.8% 33.1%
j 22.8% 24.1% 17.6% 23.7% 25.4% 19.5% 22.1% 26.5% 21.3% 23.3% 28.4% 25.4%

Fig. 6. Comparison of GT sizes for CCHP con�gurations Y-SF and N-SF for different absorption chiller COPs vs. The natural gas price.
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con�gurations have the same size GTs. This means that introduc-
tion of supplementary �ring doesn't affect the GT size when the gas
price is higher than 0.0371 $/kWh. Use of absorption chiller with
higher COP enables the application of supplementary �ring to
reduce the GT size in a wider range of natural gas price such as it
can be seen in Fig. 6.

The more interesting is the effect of supplementary �ring on the
electric chiller capacity. As shown in Fig. 7, when an absorption
chiller with COP … 0.8 is used, the size of the electric chiller for
CCHP Y-SF is smaller than the electric chiller capacity for CCHP N-SF
for all natural gas prices except the highest price (0.08$/kWh). If the
absorption chiller has COP … 1.2, there is no need to the electric
chiller in CCHP Y-SF when the natural gas price is less than 0.0629
$/kWh; con�guration CCHP N-SF, on the other hand, uses the
electric chiller if the natural gas price is higher than 0.0371 $/kWh.

6. Conclusions

In this paper, optimal design and operation of CCHP system
comprising of a gas turbine, a �red HRSG, an electric chiller, an
absorption chiller and a natural gas-�red boiler have been inves-
tigated. The operation of a CCHP system has been classi�ed in three
scenarios based on the GT capacity, thermal loads and the electrical
loads. Analytical expressions for computation of the values of the
price ratio (price of electricity/price of natural gas) which delimit
the three modes of scenario with high cooling loads have been
presented. These expressions enable straightforward selection of
the optimal operating strategy based on the value of the price ratio,
without having to resort to numerical optimizations. Our main
conclusions for a CCHP system are as follows:

� CCHP system with �red HRSG has lower primary energy con-
sumption ratio, lower annualized total cost ratio, and lower

carbon dioxide emission ratio than the system of the same
structure but without having supplementary �ring.

� Based on the proposed strategy, application of both CCHP with
�red HRSG and CCHP with un�red HRSG is more ef�cient than
the SP system.

� Use of supplementary �ring reduces the optimal size of the gas
turbine, especially for the climate zones with hot summers
(zone 2 and zone 3).

� An improvement in the absorption chiller COP will lead to a
smaller capacity of the gas turbine. As a result, the electric
chiller capacity decreases and the boiler size increases.

� The increase of COP of the absorption chiller makes possible to
decrease the size of the gas turbine over a wider range of price
ratio when using supplementary �ring.

� Application of supplementary �ring enables reduction of the
size of the boiler and the electric chiller for all the price ratios
and absorption chillers with various values of the coef�cient of
performance.

� When the cooling demand is low, i.e. there is a ‘warm summer’
(zone 1), application of supplementary �ring decreases GT size
when the absorption chiller with high COP is used or when the
price ratio is high.

� For zone 3 with high cooling demand, optimal design requires
an electric chiller in both con�gurations of CCHP system. In this
zone, the boiler is not needed for all absorption chiller COPs
except COP … 1.2 in CCHP Y-SF.

Presented here, analytical expressions for determining optimal
operating strategy (which parts of the system are “on” or “off”) of
the three scenarios and the analytical criteria for determining
optimal modes for providing cooling under different (electricity/
natural gas) ratios can be readily applied in operation or in design of
CCHP systems with supplementary �ring.

Fig. 7. Comparison of electric chiller sizes for both CCHP con�gurations for climate zone 2 vs. The natural gas price.
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Appendix A. Supplementary data

Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.energy.2017.08.029.
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Nomenclature

Acronyms

ATC: annual total cost [$]
ATCR: annual total cost ratio
CCHP: combined cooling, heat and power system
CDE: CO2 emission
CDER: CO2 emission ratio
CHP: combined heating and power system
COP: coef�cient of performance
FEL: following the electrical load
FLB: following the load of buildings
FSS: following seasonal strategy
GHG: greenhouse gas
FTL: following the thermal load
GT: gas turbine
HRSG: heat recovery steam generator
kW: kilowatt
MILP: mixed integer linear programming
N-SF: CCHP without supplementary �ring
NLP: nonlinear programming

ORC: Organic Rankine Cycle
PEC: primary energy consumption
PECR: primary energy consumption ratio
PGU: power generation unit
SF: supplementary �ring
SP: separate production system
VOC: variable operational cost
Y-SF: CCHP with supplementary �ring

Variables

C: cost ($)
c,c’: correction factors
Ca: capacity of equipment [kW]
Cp: heat capacity [kJ/kg K]
E: electric energy [kW]
F: fuel energy [kW]
i: interest rate
K: electrical to thermal outputs of CCHP
M : ratio of supplementary �ring fuel energy to the gas turbine fuel energy
n: service life [year]
Q: thermal energy [kW]
R: capital recovery factor
W: exhaust gas �ow rate [kg/s]

Superscripts

j: climate zone

Greek

h: ef�ciency
d: portion of the boiler energy absorbed by heating coil
q: temperature [K]
m: emission conversion factor
b: portion of recovered heat absorbed by heating coil
a: electric cooling to cool ratio
d: portion of the boiler energy absorbed by the heating coil
s: the electricity price to the fuel price
u: weighting factor
j: objective function
g: portion of recovered heat used in the absorption chiller

Subscripts

ac: absorption chiller
b: boiler
cd: cooling demand
d: demand
DB: duct burner
ec: electric chiller
eff: effective
ex: exhaust gas
Excess: excess
f: �red mode
grid: grid
hc: heating coil
hd: heating demand
k: the kth criteria
loss: loss
N: natural gas
nom: nominal
rec: recovery
rem: remaining
s: stack
SP: separate production system
unf: un�red mode
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A New Flexible Borehole Thermal Energy Storage Model 

1. Introduction  

In order to store and extract heat seasonally and to reduce the investment cost, it is beneficial to 

determine the optimum size and optimum operation of seasonal thermal energy storage. In the 

design phase, the space between boreholes, length of boreholes, the type of the grout material, 

location of U-tube in the borehole, and the number of boreholes have to be determined. The optimal 

design is performed to obtain the highest system efficiency and also the minimum annual total 

cost. 

 For a large-scale seasonal thermal energy storage takes typically between two to five years to 

reach the saturation design condition and to become stable in terms of operating conditions. Hence, 

a comprehensive design study requires a long-term evaluation of the borehole storage system. This 

long-term required analysis makes the design problem of the underground storage systems 

complex. Moreover, the performance of this system has to be investigated during interaction with 

other energy system components. This further increases the complexity of the optimization 

problem in terms of computational time and system modelling. As a result, deriving an accurate 

and straightforward model for the seasonal thermal energy is the most critical step in the design 

optimization problem.  

This work presents an overview of various models for representing the heat transfer process of 

borehole heat exchangers. Also, this work proposes a new flexible semi-analytical methodology 

to model the heat transfer process of the borehole thermal energy storage. Some of the results and 

concepts introduced by Hellstrom are utilized to create a new model. 

1.1. Literature reviews 

Buildings use a large portion of worldwide energy sources [1]. To solve this issue, most of the 

countries have followed some policies [2] for constructing buildings in a way to be more energy-

efficient.  Heating demand in residential sectors for supplying domestic hot water (DHW) and 

space heating is engaged for almost 80% in the north of Europe [3] and Canada [4]. Due to the 

increase in electricity price and shortage of fossil fuel resources, renewable energies and energy 
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The thermal load limits electricity production, and peak periods in demand for energy often do not 

align with supply [8]. These limitations lead to increased energy rates and short supplies in the 

periods of highest demand. One of the effective methods to alleviate the discrepancy between the 

supply and demand for energy and to increase the electrical generation capacity of the energy 

system is the application of thermal energy storage (TES). 

 Moreover, there might be an imbalance of the cooling and heating demands for some locations. 

Significant fluctuations in outdoor temperatures during summer and winter cause substantial heat 

load and cooling load variations across the year. However, the heat load and cooling load are 

frequently not well-matched with thermal energy provided by community energy systems or 

separate production systems [9]. Taking industrial waste heat as an example of the available 

thermal energy; the amount of recovered heat depends on the working load of an industrial process 

or the industrial electricity demand, and it is probably constant all year. In this case, a considerable 

portion of heat will be unused during the summer when there is a small heating demand and cooling 

demand. Therefore, the operational limitations and seasonal demand mismatch signify an 

opportunity for the application of the seasonal thermal energy storage (STES) systems. Seasonal 

storage systems are integrated with either large-scale solar thermal collectors or community energy 

systems or industrial waste heat to compensate for the operational limitations and demand 

mismatch. STES systems can be charged during the summer by thermal energy provided either 

through solar thermal collectors or combined heat and power (CHP) system and then preserve the 

energy for later use during the wintertime. 

Among different storage technologies, thermal energy storage and battery have been mostly 

applied to increase the efficiency of the energy system.  Short-term thermal energy storage has 

approximately 100% round trip efficiency, and the efficiency of the battery is roughly 80% [10]. 

Applying thermal storage and integrating with solar thermal collectors to utilize solar energy and 

then meet building heat demands becomes the subject of the most recent studies [11]. Excess 

thermal energy from different generation technologies can be stored during either short or seasonal 

periods in short-term thermal storage or seasonal storage or both of them, respectively [12]. Since 

charging and discharging rates in seasonal storage is pretty slow, seasonal storage coupling with 

diurnal storage might compensate these slow rates. The application of the thermal storage tank as 

a buffer tank in conjunction with solar collectors has been investigated in different studies [12][13]. 
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Daily thermal energy storage can be in the form of either a hot water storage tank or ice storage 

and has a high heat transfer rate [12][13]. Seasonal thermal storage can store the thermal energy 

when there is an excessive amount of energy sources or when the available thermal energy is low-

priced. The system can help to provide enough energy during a shortage of energy due to the 

limited sun exposure and also can avoid the demand for thermal energy with high energy costs.  

Seasonal thermal energy storage (STES) is not a stand-alone component since it cannot produce 

energy by itself. Accordingly, the performance of STES mostly depends on its own operating 

situation and the way it communicates with other components. The flow rate and temperature of 

the fluid heat carriers during charging and discharging periods influence the storage performance 

and determine storage overall efficiency. Moreover, storage energy performance is affected by 

weather conditions and soil properties such as soil thermal conductivity, underground water, flow 

velocity, ground surface temperature, and the ambient temperature so on. The relation between the 

fluid temperatures in U-tube and the ground temperatures is entirely dependent on ground thermal 

conductivity. The ground properties and its specific heat capacity are essential factors in 

determining ground temperature distribution and the temperature at the borehole wall. The 

borehole resistance is another crucial parameter and depends on the dimension of the borehole 

exchanger, the thermal conductivity of the U-tube and the thermal properties of the grout material. 

These parameters control the specific heat rate of the borehole heat exchangers. According to 

information obtained from different cases of seasonal thermal energy storage schemes around the 

world, the specific heat rate might vary from 10 W/m to 120 W/m [14]. 

1.2. Review of the available models for ground heat exchanger (GHEs) and ground 

heat storage (GHS) 

Investigation of the heat transfer process in borehole GHEs or GHS is still a significant challenge 

because of difficulty with the transient heat process analysis inside and outside of the borehole.  A 

large number of studies have been done to resolve this complicated task through analytical and 

numerical studies. 

A borehole field consists of vertical boreholes usually connected in either series or parallel or a 

combination of series and parallel and supplied with a fluid carrying heat at a temperature (Tf). 

The heat pump system can be integrated into the borehole field to increase the temperature level 

of the water comes out from the field in the wintertime. The design and operational optimization 
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determine the solution of the original problem. The Laplace theorem has been used extensively to 

determine the short-term response of the heat transfer process in GHEs.  

Duhamel's theorem is another useful theorem that has been employed frequently for developing 

models of the heat transfer process in the bore field. In the real application, heat transfer in the 

boreholes varies due to the different heating and cooling demands. In this case, using the principle 

of the superposition, which is known as Duhamel's theorem, can provide a solution to a problem 

with a unit-step load. 

Eskilson [17] developed thermal response factors numerically, assuming uniform and equal 

temperature along borehole walls. This assumption is taken based on the parallel connection of the 

boreholes and the equal temperature of the input fluids to all the borehole heat exchangers. Thermal 

response factors developed by Eskilson, which are known as g-functions, are often considered as 

a reference for comparison with other thermal response factors, which can be developed by the use 

of the analytical models.    

Various analytical solutions (e.g., finite line source model, infinite line source model) are applied 

to generate thermal response factors for the heat transfer model of the outside of the boreholes. 

Moreover, different boundary condition assumptions have been taken into account such as (i) 

Uniform and equal heat extraction rate along the length of all boreholes (ii)Uniform heat extraction 

rate and equal average temperature along the length of the boreholes (iii)Uniform and equal 

borehole wall temperature along the length of the boreholes. Eskilson first developed the concept 

of the g-function.  As mentioned earlier, this kind of equation is applied to determine the change 

in the borehole wall temperature due to a constant heat extraction/injection rate in the borehole 

field. It is assumed that the wall temperature is constant for all borehole heat exchangers.                  

1.3. Heat transfer models of the surrounding ground around Borehole heat exchanger 

Cimmino et al. [15] expressed that different g-functions can be utilized to model the heat transfer 

process within the ground encompassing the BHEs at different time scales. Cimmino et al. [15] 

expressed that the heat transfer process in GHEs can be described in different regions (periods). 

For the first region (at the beginning of the heat injection/heat extraction), the borehole wall 

temperature is not affected by ground surface temperature and interaction between boreholes. 

Accordingly, an infinite line source model can be applied to describe the heat transfer in the ground 
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the change in heat extraction rates of individual boreholes with time, variable borehole lengths and 

variable buried depths. 

1.4. Heat Transfer model inside the borehole heat exchanger (short-term response 

factors) 

Yavuzturk [29] proposed a short-term response of GHEs for the first time by taking benefit from 

the non-dimensional temperature response functions given by Eskilson. He employed a two-

dimensional implicit finite volume numerical approach to derive appropriate short-term g-

functions. The g-function accounted for the heat capacities of pipe and grout and convective 

resistance of the fluid. The provided g-functions are applicable to model the heat transfer process 

for the time scale of 2.5 min to 200 hours. However, the issue regarding the application of the 

proposed model is the computational time. The computational time is as much as the time needed 

for the application of the g-function proposed by Eskilson. 

Young [30] utilized the buried electrical cable (BEC) method developed by Carslaw and Jaeger 

and modified it to obtain a short-term response of the GHEs.  Young expressed that there is an 

analogy between a buried electric cable and a vertical borehole. He mentioned that the core, the 

insulation and the sheath of the cable in the BEC method could be replaced by the equivalent 

diameter fluid pipe, the resistance and the grout of the GHE, respectively, to derive the short-term 

response g-function.  He also added the grout allocation factor, which allocates a share of the grout 

heat capacity in the model to improve the performance of his model. 

Xu and Spitler [31] developed a new short time-step model for vertical ground loop heat 

exchanger. The proposed model is an extension to the original long-term response developed by 

Eskilson. However, whereas Eskilson's model used a g-function to account for short time-step 

effects, Xu and Spitler proposed a one-dimensional numerical model for this aim. The numerical 

model considers the thermal mass of the fluid and the convective resistance as a function of flow 

rate, fluid mixture, and fluid temperature. 

A classical analytical solution by Bandyopadhyay et al. [32], which accounts for the thermal 

capacity of the fluid, has been used to model the temperature response of the fluid inside the U-

tubes. The results of the proposed analytical solution were validated through Finite Element 

Modeling (FEM) and agreed firmly with the results of FEM. 
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Another important criterion is the solar fraction [48], which is used for the application of solar 

collectors coupled with seasonal storage. A solar fraction is the total of the heat demand provided 

by solar energy. 

 Sweet and McLeskey [49] proposed another metric. They defined internal system efficiency, 

which is the heat provided to the home divided by the total solar energy collected. Therefore, the 

proposed criterion includes the heat loss terms.   

Another performance criterion which is mostly used during system design of small-scale storage 

systems is cost savings, generally represented as a payback period or annual total cost [50]. 

 

3. System model 

The conventional models proposed by Hellström [38] are applied widely to model the heat transfer 

inside and outside the boreholes. The proposed conventional model did not take into account the 

short-term responses of the GHEs. The purpose of the proposed models was to design seasonal 

thermal energy storage and optimal operation of the system. The application of that model might 

cause some errors when it is used to model the short-term thermal response of GCHP. 

Two models are available in the thermal storage library of TRNSYS to model the seasonal thermal 

energy storage; 557a and 557b [51].  Both of these models are formed based on the work of 

Hellström. In 557a, the borehole thermal resistance within each borehole is calculated by the 

software by giving the input parameters of boreholes. However, 557b is applicable when the 

borehole thermal resistance is considered as an input parameter, which might be calculated from 

an experiment. As mentioned, for both of these models, the boreholes layout is hexagonally, and 

boreholes are uniformly distributed in a cylindrical volume.    

In this study, it is assumed that the storage consists of a bunch of boreholes that are uniformly 

located in cylindrical region and in hexagonal patterns. It is assumed that each borehole has a 

single U-tube pipe (Fig. 2). As shown in Fig. 3, a certain ground region is assigned to each borehole 

heat exchanger. The average temperature for each ground region is designated by Tm and is known 

as local average temperature of that region. As presented in [38], the difference between fluid 
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temperature and average temperature of a ground region is an interesting factor which shows the 

thermal capacity of that storage.  

 

Fig. 2: Borehole thermal energy storage in a cylindrical region and hexagonal pattern 

As shown in Fig. 4, the total storage is divided into a certain number of annular sections (zones) 

on the ground plane to provide the model of the seasonal thermal energy storage and provide an 

operating strategy. Two concentric circles bound each annular section (annulus). The first region 

is a circle or annulus with zero radii for the smaller (inner) circle. Moreover, each region consists 

of a different number of boreholes. For each section, it is assumed there are a water distributor and 

a water collector. For the series connection of the boreholes, each section is in connection with the 

adjacent section via water pipes. In a parallel connection, the flow rate of the fluid in each borehole 

might vary for different sections and is identical with boreholes of the same section. The flow rate 

inside each borehole and the operation of boreholes in each annular section is determined by 

solving the optimization problem.  

As mentioned in previous sections, during the first period, there is no interaction between two 

adjacent borehole heat exchangers. After a specific time, the interaction between boreholes would 

be completed. If the heat flux through the boundary of the region ground encompassed a borehole 

is zero, it could be assumed that the heat transfer process is a steady-flux process. By considering 

the steady-flux process, the average temperature of the ground region increases linearly with time.  

As expressed in [38], for the steady flux process, there is no heat flow across the boundary of the 
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The local average temperature for all boreholes of the same annular region is equal to each other. 

The reason is that all boreholes are uniformly placed in each annular region, and they follow the 

same operating strategy during charging and discharging. In other words, the fluid inlet 

temperature, the flow rate of the circulating fluid, and communication to the adjacent boreholes 

are the same for all borehole heat exchangers in the same annular region.  

 Heat transfer analysis inside the encompassing ground region of each borehole is performed for 

two periods. After a step-pulse change in heat injection q to a borehole, for the first period, when 

there is not any interaction between boreholes, an infinite line source model is applied to determine 

the local average temperature of the surrounding ground region. After a specific time, the 

interaction of the boreholes would be fully developed. For this period, thermal energy balance is 

developed for a ground region, as shown in Fig. 3. 

 

Fig. 3: Thermal energy balance for each ground region of a borehole 

For each borehole, there is a heat flux from the previous region via heat conduction, the heat sent 

to the next region via conduction and there is an inlet heat from the fluid to the borehole heat 

exchanger. It has to be mentioned that there is no heat flux through the bottom and top boundaries 

of the control volume. The reason is that each borehole itself and boreholes above and below it all 

belong to the same annular region and they have the same local average temperature. Therefore 

there would be no heat flux between them. Moreover, it is assumed that the temperature for all 

points in the surrounding ground region of each borehole is the same and is the average local 

temperature. As a result, the ground region is supposed to be a lumped mass. Therefore, both the 
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