
Chapter 15
Optimal Planning of a Micro-combined
Cooling, Heating and Power System Using
Air-Source Heat Pumps for Residential
Buildings

Farkhondeh Jabari, Behnam Mohammadi-Ivatloo
and Mohammad Rasouli

Abstract This chapter explains a methodology for optimal planning of a
micro-combined cooling, heating and power system driven by a solar dish Stirling
heat engine. The solar dish concentrator collects the sun radiations and transforms
them into thermal energy. The absorber and thermal storage systems are employed
to absorb and store the thermal energy collected by a solar dish for continuous
energy supplying when the sunlight is insufficient. The solar energy is absorbed and
transferred to the working fluid in the hot point of the Stirling engine. The air source
heat pump has been proposed to cool and heat the residential buildings in hot and
cold weather conditions, respectively. During a hot weather, the air to air heat pump
receives heat from the inside air and transfers it into the outside air, and vice versa
in a cold climate. The heating energy obtained from air source heat pumps is not
generated by a combustion process, rather it is transferred from the inside air to the
outside air. Hence, the most promising aspect of the proposed micro-combined
cooling, heating and power system is that it can be solar driven and transfer heat
from the inside air during summer. Note that the process is reversed in winter times.
Due to the increasing rate of carbon dioxide and more attention paid to the
greenhouse gas emissions, use of solar energy and air source heat pumps in a
micro-trigeneration system, which does not use any fossil fuel such as gasoline or
natural gas, not only gives more chances to significant reduction of carbon dioxide,
greenhouse gas emissions, and environmental pollution, but also increases the
economic saving in fuel consumption. In an air to air heat pump, the electricity
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energy is only used by indoor/outdoor fans, and a compressor. Hence, the
small-scale tri-generation system consumes less electrical energy than the tradi-
tional ones. In order to conduct an optimization, the mathematical model and
thermodynamic analysis of proposed microsystem have been provided. Several key
parameters related to solar dish Stirling heat engine and air to air heat pumps have
been selected as the decision variables to minimize the cost of the electricity energy
purchased from the main grid.

Abbreviation and Acronyms

AAHP Air to Air Heat Pump
ASHP Air Source Heat Pump
CCHP Combined Cooling Heating and Power
CCP Combined Cool and Power
CHP Combined Heat and Power
CVaR Conditional Value at Risk
DNLP Discontinuous Nonlinear Program
GAMS General Algebraic Modeling System
MILP Mixed-Integer Linear Programming
ORC Organic Rankine Cycle
SDSHE Solar Dish Stirling Heat Engine
SOFC Solid Oxide Fuel Cell
TVAC-PSO Time Varying Acceleration Coefficients Particle Swarm Optimization
WAST Warm Air Storage Tank

15.1 Introduction

In recent years, the urgent need to meet the increased power demand and to address
the concerns over the environmental pollution as well as the greenhouse gas
emissions reduction have led to employment of the tri-generation technology
powered by renewable energy sources. The combined cooling, heating and power
(CCHP) systems not only provide the cooling, heating and electricity demands of
different customers such as residential, commercial and industrial loads, but also
can provide reserve, peak saving and demand response services. As shown in
Fig. 15.1, a typical tri-generation system consists of the following main
components:

• Renewable energy sources such as solar, wind, hydroelectric energy, biomass,
hydrogen and fuel cells, and geothermal power.

• Prime mover such as reciprocating internal combustion engine, combustion
turbine, steam turbine, micro turbine, gas turbine, fuel cell, and Stirling engine
as an external combustion engine.
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• Power generation unit.
• Electric chiller.
• Absorption chiller.
• Energy storage and thermal storage units.
• Electricity, cooling and heating loads.

Recently, several remarkable researches have been carried out to plan and
evaluate a tri-generation system. In [1], a novel energy management strategy based
on the variational electric cooling with combined electric and absorption chillers
under unlimited and limited power generation unit capacity has been proposed. The
variational electric cooling to cool load ratio has been optimized according to
electric and thermal demands in every hour. In [2], a multi-objective optimization of
a CCHP microgrid driven by solar energy has been investigated. The flat-plate solar
collectors have been employed to collect the sun beam radiations and transform
them into thermal energy. The heat storage system has been installed to store the
collected thermal energy. Turbine inlet temperature, turbine inlet pressure, con-
densation temperature and pinch temperature difference in vapor generator have

Fig. 15.1 Structure of a CCHP system
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been selected as the optimization decision variables to assess the performance of the
entire solar CCHP microsystem. A two-stage optimal planning of tri-generation
microgrid has been investigated in [3]. Total net present cost and carbon dioxide
emission in life circle have simultaneously been minimized using non-dominated
sorting genetic algorithm-II and mixed-integer linear programming (MILP) algo-
rithm. In [4], exergoeconomic optimization of a CCHP system has been applied to
maximize the total revenue requirement and the cost of the total system product
using a genetic algorithm. Air compressor pressure ratio, gas turbine inlet tem-
perature, pinch point temperatures in dual pressure heat recovery steam generator,
pressure of the steam that enters the generator of the absorption chiller, process
steam pressure and evaporator of the absorption chiller chilled water outlet tem-
perature have been chosen as decision variables.

Reference [5] considers exergy modeling of a solar powered CCHP system
consists of a single-effect absorption chiller, a heat exchanger, thermal storage tank,
evaporator, absorber, solution expansion valve, solution pump, desorber, con-
denser, and organic Rankine cycle (ORC) components. Three operating conditions
have been considered in this study: low solar radiation, high solar radiation, and
storage mode in night. A real-time model of hydrogen tri-generation system and
onsite hydrogen dispensing systems in the presence of price and market uncer-
tainties has been developed in [6]. Application of two multi criteria
decision-making algorithms denoted as fuzzy logic and the grey incidence methods
are discussed in [7] to select the best prime mover for a residential tri-generation
microgrid under five different climates. Technological, economic, environmental
and social have been considered in the optimization process. Reference [8] intro-
duces a novel CCHP system including a low temperature polymer electrolyte fuel
cell and a desiccant wheel-based air handling unit. An integrated solid oxide fuel
cell (SOFC) cogeneration micro-grid, fueled by coke oven gas that needs large
amount of hydrogen is developed in [9]. Exhaust gas deep-recovery and thermo-
electric generator based tri-generation system is presented in [10]. Thermoelectric
generator and condenser are used to efficiently recover the exhaust gas waste heat of
internal combustion engine. In [11], a small-scale solar tri-generation cycle com-
bined with ORC has been proposed for hot and cold weather conditions. Turbine
inlet temperature and pressure, turbine back pressure, evaporator temperature and
heater outlet temperature are selected as the decision variables to improve thermal
efficiency, exergy efficiency and total product cost rate. The proposed system could
continuously and stably operate with installed thermal storage tank.

A novel CCHP microgrid with significant economic and environmental benefits,
which consists of a power generation unit, an absorption chiller, two ground source
heat pumps, a storage tank and two electric chillers has been introduced in [12]. The
hourly programming with different cooling and heating demands has been carried
out according to the outdoor climatic condition to improve system efficiency. In
[13], a biomass tri-generation microgrid including a biomass gasifier, a heat pipe
heat exchanger, an internal combustion engine, an absorption chiller and a heater
for cooling and heating, and a heat exchanger to produce domestic hot water has
been proposed. Operational planning has been provided in three modes: summer,
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winter, and the transient seasons. In [14], a novel micro-CCHP equipped with
20 kW Lombardini diesel engine and a double effect water-LiBr absorption chiller
has been introduced to generate hot water, by recovering heat from the engine
cooling system, and chilled water, by recovering heat from the engine exhaust
gasses. The engine and the absorption chiller have been modeled by means of 0–1D
dimensional and thermochemical models, respectively. A Honda gas engine based
micro-CCHP, which utilizes a heat recovery system, has been proposed to satisfy
the required heating, cooling and electrical energy of a residential building
according to the air conditions [15]. The formulation of a CCHP system including
an air-conditioning system and a heat storage tank in residential and office buildings
in Dalian, China is presented in [16]. The energy saving, total cost, and environ-
mental pollution reduction have been considered as main objectives in the genetic
based optimization process. In [17], a small scale CCHP system has been intro-
duced. The waste heat of internal combustion engine is collected and managed
using a thermal management controller. The waste heat can be used for heating or
cooling cycle. The part load ratio of the internal combustion engine, buffer tank set
point temperature, hot water tank set point temperature, chilled water temperature
and cooling water temperature of adsorption chiller are treated as decision variables.
Thermal management controller is used to manage the waste heat. The heating
output of the thermal management controller is regulated via buffer tank and hot
water tank set point temperatures. A CCHP microgrid with a gas turbine, a heat
recovery steam generator unit and an absorption heat pump driven by a steam
turbine has been designed in [18]. Genetic algorithm is used to minimize the total
annual cost and maximize the exergy efficiency. In [19], a reliable grassroots
biomass based cogeneration system has been designed according to the equipment
redundancy. Chance constrained programming and k-out-of-m system modeling
have been applied to solve a multi period optimization process.

A tri-generation system including a solid oxide fuel cell, an air pre-heater, an
ethanol reformer, a steam generator and a double-effect LiBr/H2O absorption
chiller, which uses the heat recovery of the solid oxide fuel cell exhaust gas, has
been proposed in [20]. In order to evaluate the performance of the presented
microgrid, a parametric assessment of the effects of the current density, solid oxide
fuel cell temperature, fuel consumption ratio and solid oxide fuel cell anode
recirculation ratio variations on total net electrical, heating and cooling energies
have been provided. An energy management strategy has been proposed to increase
the biomass-CCHP yearly efficiency by managing the output heating energy [21],
where double piping district heating and cooling demands of a residential building
have been considered. In the maximization process of the net present value, hourly
heating and cooling load have been forecasted using the degree-hour method.
Energy and exergy based management of a three-reactor chemical looping hydro-
gen generation process of a zero emission tri-generation plant has been presented in
[22]. The proposed tri-generation microsystem involves an air separation unit,
gasification unit, a chemical looping hydrogen generation system, an extended heat
recovery steam generation unit, an ORC and space heating, a two-stage steam
Rankine cycle with reheat and regenerator and an ORC. The optimal energy
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management in energy hubs has recently attracted a great deal of attention around
the world. The energy hub consists of several inputs (energy resources) and outputs
(energy consumptions) and also some energy conversion/storage devices. The
energy hub can be a home, large consumer, power plant, etc. The objective is to
minimize the energy procurement costs (fuel/electricity/environmental aspects)
subject to a set of technical constraints. In [23], a comprehensive multi-objective
model is proposed to minimize both the energy procurement cost and risk level in
energy hub. For controlling the pernicious effects of the uncertainties, conditional
value at risk (CVaR) is used as risk management tool. A novel time varying
acceleration coefficients particle swarm optimization (TVAC-PSO) algorithm is
implemented to solve combined heat and power economic dispatch problem in [24].

To achieve a practical planning of CCHP microgrids with no combustion pro-
cess and no emission of potentially dangerous gases, high economic and techno-
logical efficiency are difficult challenges to be addressed. In the literature,
remarkable efforts have been made to manage on the energy and exergy of
tri-generation systems. However, some problems have not been resolved yet.
Among those are the significant reduction of the greenhouse gas emissions and the
risk of the environmental pollutants, reducing the fossil fuel consumption using
renewable energy sources, and economic savings due to energy exchanges with the
main grid. This chapter develops an hourly scheduling of a novel micro
tri-generation system to satisfy the electrical, heating and cooling demands of a
residential building. A solar dish Stirling heat engine (SDSHE) is used as the prime
mover to provide the required input mechanical power for the power generation
unit. Thus, there is no need for a combustion process, fossil fuel consumption or
equipment in the combustion process such as a combustion chamber, an air com-
pressor and a gas turbine. Therefore, there will be no greenhouse gas emissions
involved. The proposed small-scale CCHP system is designed to operate in two
different modes:

• Combined heat and power (CHP) mode based on the heating cycle of the air to
air heat pump (AAHP) in the cold weather.

• Combined cool and power (CCP) mode based on the refrigeration cycle of the
air to air heat pump on hot days.

The electric chiller is also used to supply a part of the required cold energy in the
cooling mode. Furthermore, the proposed air to air heat pump based small-scale
CCHP microgrid has the following advantages:

• Air to air heat pumps can provide cooling energy in hot climate condition, and
vice versa.

• Air to air heat pumps requires less maintenance than the combustion process
based heating systems.

• Similar to the SDSHE, air to air heat pumps are safe. No combustion or
emission is involved.
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• Air to air heat pumps save carbon emissions. Unlike the burning oil, gas, and
biomass, an air to air heat pump produces no carbon emissions on site (no
greenhouse gas emissions at all, if a renewable source of electricity such as solar
or wind is used to power them).

• Air to air heat pumps are cheaper to run than the oil boilers and can be cheaper
than the running gas boilers.

The remainder of this chapter is organized as follows: Sect. 15.2 expresses the
basic concepts related to the solar powered Stirling heat engine and the refrigeration
cycle of the air source heat pumps. The energy and the exergy of the proposed
micro-combined cooling, heating and power system are analyzed in Sect. 15.3.
Simulation results and discussions are presented in Sect. 15.4. Finally, Sect. 15.5
concludes the chapter.

15.2 Proposed Small-Scale Tri-generation System
for Residential Buildings

15.2.1 Solar Dish Stirling Heat Engine (SDSHE)

In this chapter, the solar energy is used as a renewable energy source to drive a
Stirling engine, which is used to supply the primary mechanical power required for
a power generation unit [25]. The location of an absorber and a thermal storage unit
on a solar-dish concentrator are illustrated in Fig. 15.2.

As shown in Fig. 15.3, the Stirling cycle comprises of four processes. Process
1–2 is an isothermal process, in which the working fluid after compressing at
constant temperature Tc and rejected heat to the heat sink at low temperature TL1 ,
the temperature of heat sink is increased to TL2 . Then, the working fluid crosses
over the regenerator and warms up to Th in an isochoric process 2–3. In process
3–4, the working fluid is expanded in a constant temperature Th process and
receives heat from the heat source in which its temperature is reduced from TH1 to
TH2 . Last process (4–1), is an isochoric cooling process, where the regenerator
absorbs heat from the working fluid.

The actual useful heat gain of the dish collector, qu, considering the conduction,
convection and radiation losses can be obtained as [25]:

qu ¼ IAappg0 � Arec½hðTHave � T0Þþ edðT4
Have

� T4
0 Þ� ð15:1Þ

where:

I Direct solar flux intensity in W �m�2

Aapp Collector aperture area in m2

g0 Collector optical efficiency
Arec Absorber area in m2
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h Conduction-convection heat transfer coefficient in W �m�2 � K�1

THave Average absorber temperature in K
T0 Ambient temperature in K
e Effectiveness factor of collector
d Stefan’s constant in W �m�2 � K�4

Thermal efficiency of the dish collector, gs is calculated from:

gs ¼
qu

IAapp
¼ g0 �

hðTHave � T0Þþ edðT4
Have

� T4
0 Þ

IC
ð15:2Þ

Fig. 15.2 The location of an absorber and a thermal storage unit on a solar-dish concentrator
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where, C is heat capacitance rate in W � K�1. The regenerative heat transfer and the
heat loss during two regenerative processes are given by following equations:

QR ¼ nCveRðTh � TcÞ ð15:3Þ

DQR ¼ nCvð1� eRÞðTh � TcÞ ð15:4Þ

where:

QR Regenerative heat transfer in J
n Number of moles
Cv Specific heat capacity in J �mol�1 � K�1

eR Effectiveness of regenerator
Th Working fluid temperature in the hot space in K
Tc Working fluid temperature in the cold space in K
DQR Heat loss during two regenerative processes in the cycle in J

Fig. 15.3 Stirling cycle of a solar dish Stirling heat engine [23]
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The temperature of the working fluid in the regenerative processes can be cal-
culated as follows:

dT
dt

¼ �Mi ð15:5Þ

where, M is the regenerative time constant in K � s�1. The positive and negative
signs are considered for the heating and cooling processes, respectively. The times
of the two isochoric heating (i ¼ 1) and cooling (i ¼ 2) processes are calculated
according to (15.6) and (15.7), respectively.

t3 ¼ T1 � T2
M1

ð15:6Þ

t4 ¼ T1 � T2
M2

ð15:7Þ

The heat released between the heat source and the working fluid and the heat
absorbed between the working fluid and the heat sink are given by (15.8) and
(15.9), respectively [25].

Qh ¼ nRTh ln kþ nCvð1� eRÞðTh � TcÞ
¼ th CHeHðTH1 � ThÞþ nCHeHðT4

H1
� T4

h Þ
h i ð15:8Þ

Qc ¼ nRTc ln kþ nCvð1� eRÞðTh � TcÞ ¼ tlCLeLðTc � TL1Þ ð15:9Þ

where:

Qh Heat released between the heat source and the working fluid in J
R Gas constant in J �mol�1 � K�1

k Ratio of volume during the regenerative processes
th Heat exchanging time at heat source in s
CH Heat capacitance rate of the heat source in W � K�1

eH Effectiveness of the high temperature heat exchanger
TH1 Primary heat source temperature in K
Qc Heat absorbed between the working fluid and the heat sink in J
tl Heat exchanging time of the heat sink in s
CL Heat capacitance rate of the heat sink in W � K�1

eL Effectiveness of the low temperature heat exchanger
TL1 Primary heat sink temperature in K
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The cyclic period of the SDSHE can be calculated from [25]:

t ¼ nRTh ln kþ nCvð1� eRÞðTh � TcÞ
CHeHðTH1 � ThÞþ nCHeHðT4

H1
� T4

h Þ

þ nRTh ln kþ nCvð1� eRÞðTh � TcÞ
CLeLðTc � TL1Þ

þ ð 1
M1

þ 1
M2

ÞðTh � TcÞ

ð15:10Þ

where, t is the cyclic period in s. The conductive thermal losses from the heat
source to the heat sink can be obtained from the following equations:

Q0 ¼ tK0ðTHave � TLaveÞ ð15:11Þ

THave ¼
TH1 þ TH2

2
ð15:12Þ

TLave ¼
TL1 þ TL2

2
ð15:13Þ

in which:

Q0 Conductive thermal losses in J
K0 Heat leak coefficient in W � K�1

THave Heat source average temperature in K
TH2 Secondary heat source temperature in K
TLave Heat sink average temperature in K
TL2 Secondary heat sink temperature in K

Note that:

TH2 ¼ ð1� eHÞTH1 þ eHTh ð15:14Þ

TL2 ¼ ð1� eLÞTL1 þ eLTc ð15:15Þ

Hence,

Q0 ¼ K0

2
t½TH1ð2� eHÞ � TL1ð2� eLÞþ eHTh � eLTc� ð15:16Þ

The net heat released from the heat source and the net heat absorbed by the heat
sink can be obtained from (15.17) and (15.18), respectively.

QH ¼ Qh þQ0 ð15:17Þ
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QL ¼ Qc þQ0 ð15:18Þ

where:

QH Net heat released from the heat source in J
QL Net heat absorbed by the heat sink in J

The output power of the SDSHE is given by (15.19) [25]:

POSE ¼
nR ln kðTh � TcÞ
F1 þF2 þF3

F1 ¼ nRTh ln kþ nCvð1� eRÞðTh � TcÞ
CHeHðTH1 � ThÞþ nCHeHðT4

H1
� T4

h Þ

F2 ¼ nRTh ln kþ nCvð1� eRÞðTh � TcÞ
CLeLðTc � TL1Þ

F3 ¼ ð 1
M1

þ 1
M2

ÞðTh � TcÞ

ð15:19Þ

In (15.19), POSE is the output power in kW.

15.2.2 Air Source Heat Pumps (ASHPs)

An air source heat pump is an electrical device that extracts heat from the inside air
and transfers it to the outside air in hot climate and vice versa in cold weather [26].
In other words, the air source heat pump’s cycle is reversible. Based on the heating
and the cooling energy exchange sources, the air source heat pumps can be clas-
sified in two general categories:

• Air to water heat pump
The first type is the air to water heat pump. In cold weather, it absorbs heat from
the outside air and transfers it to the water in the hydronic distribution unit. In
hot weather conditions, it extracts heat from the water in the hydronic distri-
bution unit and pumps it to the outside air.

• Air to air heat pump (AAHP)
The most common type of the air source heat pumps is the air to air heat
pump. An AAHP extracts heat from the air and transfers it to the inside or the
outside air of the building depending on the season. There are two cycles for an
air source heat pump: The cooling cycle and the heating cycle.
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15.2.2.1 The Cooling Cycle of the Air to Air Heat Pump

The cooling cycle of the building using the air to air heat pump is shown in
Fig. 15.4. In the cooling process of the building inside space, the heating energy is
taken from the indoor air and then pumped to the outdoor air. An AAHP contains
the following component: compressor, evaporator, condenser, and an expansion
valve. The liquid refrigerant enters the indoor evaporator coils. In the inside
evaporator, the low pressure liquid refrigerant absorbs heat from the warm inside
air, vaporizes, and changes into a low temperature or cold vapor. The compressor
coil then pumps the vapor, increases its pressure, and changes it into a hot high
pressure vapor. The generated high-temperature high-pressure vapor passes over
the condenser coil and then heating energy is given off to the outside air, and the
vapor condenses to change to a high-temperature high-pressure liquid. The gen-
erated liquid then passes over the expansion valve and changes into the
low-temperature low-pressure liquid refrigerant. The cooling cycle is then repeated
again. The energy required to operate the cooling cycle is the electrical energy,
which powers the compressor inside and outside fans.

15.2.2.2 The Heating Cycle of the Air to Air Heat Pump

In the heating process, the heating flow is taken from the outdoor cold air and then
pumped to the inside cold air. The outside air always contains some heat, a heat
pump can supply heat to a building even on cold days [26]. The heating process of
the residential buildings using the AAHPs is shown in Fig. 15.5.

During the heating process, the liquid refrigerant enters the outdoor evaporator
coil and absorbs heat from the outdoor air to evaporate, and changes into the low
temperature liquid and vapor mixture. The vapor then enters the compressor,
compressed, changes into the high temperature high pressure vapor. The heating

Fig. 15.4 The cooling cycle of the building using the air to air heat pump
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energy from the high temperature high pressure vapor is transferred to the inside
cold air, causing the refrigerant to condense into the high temperature high pressure
liquid. The hot high pressure liquid passes though the expansion valve and changes
into the low temperature low pressure liquid refrigerant. Similar to the cooling
cycle, the electrical energy powers the compressor, the inside and the outside fans.

15.3 Energy and Exergy Analysis of the Proposed Micro
Tri-generation System

15.3.1 Combined Cooling and Power (CCP) Mode for Hot
Weather Conditions

The CCP mode of the proposed micro-CCHP system, which can be used for
residential buildings, is shown in Fig. 15.6. According to Fig. 15.6, the SDSHE is
used to drive the power generation unit. The output electric power generated by the
power generating unit can be obtained from (15.20):

PPGU ¼ gelecPOSE ð15:20Þ

where, PPGU is the output electric power in kW and gelec is the electrical efficiency
of the power generating unit. The cooling energy generated by an AAHP, Qevap, can
be calculated from the following equation:

Qevap ¼ _m4ðh1 � h4Þ ð15:21Þ

where, Qevap and _m4 are the cooling energy generated by the AAHP in kW, and the
mass flow rate of the refrigerant through each component such as evaporator, com-
pressor, condenser and expansion valve in kg � s�1, respectively. Variables h1 and h4

Fig. 15.5 The heating cycle of the building using the air to air heat pump
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are the rate of heat transfer per unit mass in kJ � kg�1 in the states 1 and 4, respectively.
As (15.22), the electric energy consumed by the electric chiller can be calculated
according to the coefficient of performance and its output cooling energy, that is:

PEC ¼ QEC

COP
ð15:22Þ

where, QEC is the output cooling energy generated by the electric chiller, which can
be obtained from (15.23):

QEC ¼ QCool � Qevap ð15:23Þ

The QCool is the cooling demand in a residential building in kW. The electric
energy consumed by the indoor fan is given by:

Pin�fan ¼ Camin�airðTout�airevap � Tin�airÞþQevap ð15:24Þ

where:

Pin�fan Electric energy consumed by indoor fan in kW
Ca Specific heat capacity of air in kJ � kg�1 � K�1

min�air Airflow rate of the inside fan in kg � s�1

Tout�airevap Chilled inside air temperature in K
Tin�air Indoor air temperature in K

The consumed and the transferred exergy at the evaporator can be computed
from (15.25)–(15.29):

Exin�air ¼ Camin�air ðTin�air � TambÞ � Tamb ln
Tin�air

Tamb

� �� �
ð15:25Þ

Exout�airevap ¼ Camin�air ðTout�airevap � TambÞ � Tamb ln
Tout�airevap

Tamb

� �� �
ð15:26Þ

Sevap ¼ Camin�air ln
Tout�airevap

Tin�air

� �
þ Qevap

Te
ð15:27Þ

Exevap ¼ SevapTamb ð15:28Þ

Pin�fan þExe � Exevap ¼ Exout�airevap � Exin�air ð15:29Þ

where:

Exin�air Indoor air exergy in kW
Tamb Ambient temperature in K
Exout�airevap Supplied inside air exergy in kW
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Sevap Entropy generated in the heat exchanging process between indoor air
and the refrigerant in kW � K�1

Exevap Exergy consumed in the heat exchanging process between the indoor
air and the refrigerant at the evaporator in kW

Exe Exergy transferred from the indoor air to the refrigerant at the
evaporator in kW

The electric energy consumed by the outdoor fan can be determined from
Eqs. (15.30)–(15.34):

Qcond ¼ _m2ðh2 � h3Þ ð15:30Þ

Exc ¼ QcondðTC � Tamb
TC

Þ ð15:31Þ

Scond ¼ Camout�air ln
Tout�aircond

Tamb

� �
� Qcond

TC
ð15:32Þ

Excond ¼ ScondTamb ð15:33Þ

Pout�fan þExc � Excond ¼ Exout�aircond � Examb ð15:34Þ

where:

Qcond Energy flux between refrigerant and outdoor air in kW
_m2 Mass flow rate of refrigerant through each component such as

evaporator, compressor, condenser and expansion valve in kg � s�1

h2; h3 Rate of heat transfer per unit mass in kJ kg�1 in states 2 and 3,
respectively

Exc Exergy transferred from the refrigerant to the outdoor air in kW
TC Refrigerant condensation temperature in K
Scond Entropy generated in the heat exchanging process between the outdoor

air and the refrigerant in kW � K�1

Excond Exergy consumed between the outdoor air and refrigerant in kW
Pout�fan Electric energy consumed by the outdoor fan in kW
Examb Ambient air exergy (=0) in kW
Exout�aircond Outlet air exergy of the outdoor fan in kW, which can be calculated

from (15.35):

Exout�aircond ¼ Camout�air ðTout�aircond � TambÞ � Tamb ln
Tout�aircond

Tamb

� �� �
ð15:35Þ

where:

mout�air Airflow rate of outside fan in kg � s�1

Tout�aircond Supplied outside air temperature in K

15 Optimal Planning of a Micro-combined Cooling … 439



The electric energy consumed by the compressor can be obtained using (15.36)
and (15.38):

Scycle ¼ Qcond

T3
� Qevap

T1
ð15:36Þ

Excycle ¼ ScycleTamb ð15:37Þ

Pcomp ¼ ExcþExe þExcycle ð15:38Þ

where:

Scycle Entropy generated in the refrigerant cycle in kW � K�1

Excycle Exergy consumed in the refrigerant cycle in kW
Pcomp Electric energy consumed by the compressor in kW

The electricity energy need to be purchased from the main grid, and can be
computed from the following energy balance equation:

Pgrid ¼ ðPcomp þPin�fan þPout�fanÞþPEC þPdemand � PPGU ð15:39Þ

where, Pgrid and Pdemand are the electricity energy purchased from the local network
and the electrical demand in the residential building, respectively in kW.

15.3.2 Combined Heating and Power (CHP) Mode for Cold
Weather Condition

The combined heating and power mode of the proposed micro CCHP system for
residential applications is depicted in Fig. 15.7. The heating energy generated by
the AAHP, Qcond , can be calculated from (15.30). The electric energy consumed by
the outdoor fan is given by Eq. (15.40).

Pout�fan ¼ Camout�airðTout�airevap � TambÞþQevap ð15:40Þ

where, Tout�airevap is the chilled outside air temperature in K. The consumed and the
transferred exergy at the evaporator can be calculated attained from Eqs. (15.28)
and (15.41)–(15.43):

Sevap ¼ Camout�air ln
Tout�airevap

Tamb

� �
þ Qevap

Te
ð15:41Þ

Exout�airevap ¼ Camout�air ðTout�airevap � TambÞ � Tamb ln
Tout�airevap

Tamb

� �� �
ð15:42Þ
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Pout�fan þExe � Exevap ¼ Exout�airevap � Examb ð15:43Þ

where:

Sevap Entropy generated in the heat exchanging process between outdoor air
and the refrigerant in kW � K�1

Exout�airevap Supplied outside air exergy in kW
Exevap Exergy consumed in the heat exchanging process between the outdoor

air and the refrigerant at the evaporator in kW
Exe Exergy transferred from the outdoor air to the refrigerant at the

evaporator in kW

The consumed and the transferred exergy at the condenser can be calculated
from Eqs. (15.25), (15.33) and (15.44)–(15.46):

Scond ¼ Camin�air ln
Tout�aircond

Tin�air

� �
� Qcond

TC
ð15:44Þ

Exout�aircond ¼ Camin�air ðTout�aircond � TambÞ � Tamb ln
Tout�aircond

Tamb

� �� �
ð15:45Þ

Pin�fan þExc � Excond ¼ Exout�aircond � Exin�air ð15:46Þ

where:

Exout�aircond Outlet air exergy of indoor fan in kW
Tout�aircond Supplied inside air temperature in K

Similar to the cooling process, the electric energy consumed by the compressor
can be obtained from (15.36)–(15.38).

15.3.3 Optimization Problem Formulation

The following objective function is considered to minimize the total hourly energy
cost purchased from the main network:

Objective ¼ MinfktPt
gridg ð15:47Þ

where, kt is the energy price at time t in $ � kW�1h�1. In the optimization process,
CH , CL, Th, Tc, Tout�aircond , Tout�airevapðFor CHPmodeÞ are the decision variables.
The optimization constraints for finding optimal operating scenario can be sum-
marized as follows:
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300\CH \ 2000 ð15:48Þ

300\CL \ 2000 ð15:49Þ

800\ Th \ 1200K ð15:50Þ

400\ Tc \ 710K ð15:51Þ

Pcomp [ 0 ð15:52Þ

Pin�fan [ 0 ð15:53Þ

Pout�fan [ 0 ð15:54Þ

Exout�airevap [ 0 ð15:55Þ

Exe [ 0 ð15:56Þ

Exout�aircond [ 0 ð15:57Þ

Tin�air \ Tamb for CCP mode ð15:58Þ

Tout�aircond [ Tamb exp
Qcond

Camout�airTc

� �
for CCP mode ð15:59Þ

Tin�air [ Tamb for CHP mode ð15:60Þ

Tout�airevap [ Max Tamb exp
�Qevap

Camout�airTe

� �
;

�Qevap

Camout�air
þ Tamb

� �� �
for CHP mode ð15:61Þ

Tout�airevap ¼ 292K (19 �C) for CCP mode ð15:62Þ

Tout�aircond [ 180 �F ð355:22KÞ for CHP mode ð15:63Þ

Pgrid \Pmax
grid ð15:64Þ

15.4 Simulation Results and Discussion

In order to achieve the optimal performance of the proposed micro tri-generation
system, the optimization process is conducted in two typical conditions: hot
weather (CCP mode), and cold weather (CHP mode). A discontinuous nonlinear
program (DNLP) is solved using CONOPT solver under general algebraic mod-
eling system (GAMS) optimization software. The required parameters for the
simulation of the solar micro-CCHP system are listed at appendix. In this chapter,
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the mass flow rate of the refrigerant, and the specific heat capacity of air are
assumed to be constant due to the negligible changes during a hot or cold day.
A benchmark residential building is considered in Tabriz, Iran to demonstrate the
robustness and the effectiveness of the proposed CCHP system. The cooling,
heating and electrical demands are shown in Fig. 15.8.

15.4.1 CCP Mode

The variations of the ambient and the indoor air temperatures during a sample
summer day is depicted in Fig. 15.9.

The obtained optimal operating points of the proposed micro-CCHP system
during the typical summer day are reported in Figs. 15.10, 15.11 and Table 15.1.

As shown in Fig. 15.11, the output mechanical power of the SDSHE increases
monotonically as the sum of the electric energy consumed by compressor, inside
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Fig. 15.8 Cooling, heating and electrical demands of test building located in Tabriz, Iran [27]
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Fig. 15.9 The ambient and the indoor air temperatures during a sample hot day in Tabriz, Iran
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and outside fans, electric chiller and building’s electric demand increases. On the
other hand, the hourly electrical energy purchased from the local grid during the
sample hot day is equal to zero. According to the above results, the AAHP gen-
erates 29.080 kW of total cooling energy required for the test residential building.
The electric power consumed by the electric chiller and the cooling demand change
in a similar manner during the hot day. In the meantime, the minimum and max-
imum cooling demands are equal to 34 and 70 kW, respectively. Hence, supposing
_m ¼ 0:2 kg s�1 in CCP mode, the AAHP provides almost 41.5% of the total cooling
demand during the hottest hour (t ¼ 16). If the mass flow rate of the refrigerant
increases, the AAHP’s thermal capacity and the electric power consumed by the
electric chiller will increase and decrease, respectively. Based on Figs. 15.9, 15.10
and 15.11, the electric power consumed by the outside fan, ambient temperature
and the supplied outside air temperature change in a similar fashion. According to
Eq. (15.24) and assuming that Tout�airevap ¼ 292K, if the inside air temperature
increases, Tout�airevap � Tin�air becomes more negative. Hence, the electric power
consumed by the inside fan will decrease. The electric power consumed by the
inside fan maximized and minimized at t = 8 and t = 11, respectively. These two
points coincide with the maximum and minimum points of the inside air temper-
ature. As a result, an air to air heat pump can provide efficient cooling energy for a
large-scale residential building using air as a renewable energy source, especially in
a warm area. Finally, the cooling distribution systems such as forced air units can
distribute the generated cooling energy and the cold weather between different flats
and floors.

15.4.2 CHP Mode

The variations of ambient and indoor air temperatures during a sample autumn day
are plotted in Fig. 15.12.

The obtained optimum operating points of the proposed tri-generation system in
CHP mode can be summarized in Table 15.2 and shown in Figs. 15.13 and 15.14.

According to Figs. 15.8 and 15.14, the mass flow rate of the refrigerant increases
monotonically as the value of heating demand increases. Hence, the values of _m and
the maximum and minimum of the heating load occur at t = 4 and t = 15,
respectively. The energy flux between the refrigerant and the outside air will be
increased as the values of _m and heating demand increase. Also, if the heating load
increases, the electric energy consumed by the inside fan, required to supply the
inside cold weather, will increase. As shown in Fig. 15.14, the sum of the electrical
energy consumed by the inside and outside fans, compressor and building’s electric
demand can be met by generator output power driven by a SDSHE (Thermal
storage unit has been used for continuous energy supplying when sunlight is
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insufficient or nighttime). Note that the hourly objective cost obtained from opti-
mizing of CHP mode is zero. From Fig. 15.13, the minimum value of the supplied
inside air temperature is equal to 393.12 K. Assuming 10% heat losses in warm air
storage tank (WAST), this value is reduced to 353.8080 K. In central heating
system, minimum inlet water temperature to radiators is equal to 180 �F or
355.22 K. Hence, the supplied inside air stored in WAST can satisfy the inlet water
temperature to radiant floor systems. As an important result, an AAHP can supply
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Fig. 15.12 The ambient and indoor air temperatures during an autumn cold day in Tabriz, Iran
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Fig. 15.13 Obtained decision variables in optimization process of CHP mode
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the total heating demand (Qcond) of large residential towers with different flats and
floors during a simple refrigeration cycle using evaporator, compressor, condenser
and expansion valve at no cost and without environmental pollutants and green-
house gas emissions.

15.5 Conclusion

In this chapter, a novel methodology was introduced for short-term scheduling of
small-scale tri-generation system, which can be used to provide cooling, heating
and power for residential applications. The solar energy may be used as a renewable
energy to drive a Stirling engine, which is used to deliver the primary mechanical
power required for driving a generator. The heat absorber and thermal storage unit
are employed to absorb and store sun radiations collected by the solar dish. The air
to air heat pumps were proposed to cool and heat the residential buildings during
summer and spring/autumn days, respectively. The proposed micro-CCHP system
does not use any fossil fuel such as gasoline and natural gas. Thus, use of solar
energy and ASHPs in a CCHP system not only reduces the carbon dioxide,
greenhouse gas emissions and environmental pollution, but also reduces the fuel
consumption. Meanwhile, the proposed CCHP microgrid consumes less electricity
energy than the traditional tri-generation systems. The contributions of the current
chapter can be summarized as follows:
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Fig. 15.14 Mass flow rate of refrigerant, energy flux between refrigerant and outdoor air,
consumed and generated power during sample cold day in Tabriz, Iran
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• Environmental friendliness: In this chapter, solar energy and air are used as
renewable energy sources to drive a prime mover and an air to air heat pump,
which is required in order to provide mechanical and cooling/heating energies
for a modern residential tower.

• Cost-cutting: The air to air heat pump was proposed to cool and heat the
residential buildings in CCP and CHP modes. The energy required to operate
the refrigeration cycle is the electrical energy, which powers the compressor,
inside and outside fans. Hence, AAHPs based CCHP consumes less electrical
energy than the traditional fossil fuels-based tri-generation systems.

• On-site fulfillment: The heating energy obtained from ASHPs is not generated
by a combustion process, but is transferred from one place to another.

It is clear that building’s insulation reduces heat losses and can decrease the
heating and the cooling demands. Hence, the electrical energy consumed by AAHP
and electric chiller will be reduced. In a nutshell, a novel zero energy system was
proposed to make residential tower technology smarter.

Appendix

The specifications of the solar powered Stirling engine are considered as follows
[25, 28]:

I ¼ 1000Wm�2, C ¼ 1300, e ¼ 0:9, g0 ¼ 0:9, K0 ¼ 2:5WK�1, n ¼ 1,
Cv ¼ 15 Jmol�1 K�1, R ¼ 4:3 Jmol�1 K�1, TH1 ¼ 1300K, TL1 ¼ 290K,
n ¼ 2� 10�10, h ¼ 20Wm�2K�1, k ¼ 2, 1=M1 þ 1=M2 ¼ 2� 10�5 sK�1,
d ¼ 5:67� 10�8 Wm�2K�4, eH ¼ eL ¼ eR ¼ 0:9,gelec ¼ 0:95

The electricity energy price at each hour has been reported in Table 15.3 [28].
The specification of the AAHP’s refrigeration cycle and the electric chiller’s

COP are given as follows [29]:
P1 ¼ 100 kPa, P2 ¼ 800 kPa, T1 ¼ �20 oC, T2 ¼ 50 oC, T3 ¼ 30 oC, T4 ¼ �25 oC,

h1 ¼ 387:2 kJ kg�1, h2 ¼ 435:1 kJ kg�1 h3 ¼ h4 ¼ 241:8 kJ kg�1, Energy requirement
of electric chiller ¼ 0:7 kWton�1, COP ¼ 2:46, Ca ¼ 1:15 kJ kg�1K�1, min�air ¼
0:2 kg s�1,mout�air ¼ 0:2 kg s�1, _m ¼ 0:2 kg s�1 for CCP mode, TC ¼ 317K, Te ¼ 290K

Table 15.3 Hourly electricity price

t (h) 24–1 1–2 2–3 3–4 4–5 5–6 6–7 7–8

kt ($/kWh) 0.068 0.090 0.093 0.095 0.097 0.099 0.098 0.096

t (h) 8–9 9–10 10–11 11–12 12–13 13–14 14–15 15–16

kt ($/kWh) 0.095 0.092 0.094 0.097 0.100 0.120 0.103 0.099

t [hour] 16–17 17–18 18–19 19–20 20–21 21–22 22–23 23–24

kt ($/kWh) 0.085 0.078 0.075 0.084 0.096 0.081 0.067 0.063
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In this chapter, a benchmark residential building with 1080 m2 area is assumed
in Tabriz, Iran to be delivered cool, heat and power by the proposed
micro-trigeneration system. The specifications of the benchmark building are
reported in Table 15.4.

Equipment cost of proposed micro-CCHP system’s components has been
reported in Table 15.5.
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