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Highlights

A multi-objective MILP model was established for CCHP system.
Eco-costs as a simple and comprehensive environmental indicator were optimized.
An improved method was proposed to tackle the discreteness of equipment capabilities.

Fuzzy pairwise comparison method was used to address the ambiguity in judgements.

Abstract. The value of waste heat had led to an extensive study on Combined Cooling, Heating and Power (CCHP) system
in recent decades, but the following three research gaps still need to be tackled to achieve a better economic and environ-
mental performance. Firstly, the complete discreteness of equipment capabilities had not been considered. It means that
multiple units with different capacities cannot be selected for a type of equipment. Then, the ambiguity and subjectivity
existing in decision-makers/stakeholders’ judgments on the importance of objectives are usually ignored. Finally, an easily
understood and comprehensive environmental indicator based on life cycle perspective for system optimization had not
been established. Thus, the aim of this study is to establish a mathematical framework to help the stakeholders select the
optimal configurations, capacities, and operation conditions of CCHP system while narrowing the above three research
gaps to avoid the sub-optimal solutions. Subsequently, a hypothetical case was used to verify the validity of the proposed
model, along with analysis of system performance. The results indicate that the CCHP system is superior to the conven-
tional systems, and the proposed mathematical model in this paper can improve the performance of CCHP system in
terms of economy, environment, and energy.

Keywords: combined cooling, heating and power, fuzzy, multi-objective, eco-costs, sustainability, discreteness of equip-
ment capabilities.
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Introduction

Waste heat, which can be utilized through various waste
heat recovery technologies or systems (i.e., heat exchang-
ers, regenerative burners, organic Rankine cycle system)
to reduce energy consumption and improve environmen-
tal benefits, had aroused wide attention and had been used
for space or district heating and cooling, electricity gen-
eration, desalination, etc. (Brough & Jouhara, 2020; Liu
et al., 2020; Moser & Lassacher, 2020; Olabi et al., 2020).

While, in terms of the waste heat utilization, the Com-
bined Cooling, Heating and Power (CCHP) system had
received the most extensive research in recent decades as
an integrated and mature waste heat utilization technology
(Cho et al,, 2014; Wu & Wang, 2006). CCHP system can
recover the waste heat generated by the prime movers and
further provide cooling and heating energy, thus realizing
the cascade utilization of energy, as well as the abilities to
improve energy efficiency and integrate renewable energy
(Al Moussawi et al., 2016; Cho et al., 2014; Onovwiona
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& Ugursal, 2006; Wu & Wang, 2006), which are two of
the four main routes set by the European Commission to
solve the energy crisis (Marquant et al., 2017). In addi-
tion, as a typical distributed energy technology, more se-
cure energy supply is also one of major advantages which
promotes its research and commercialization. However,
it remains a challenge to realize the economic and envi-
ronmental benefits of CCHP system through reasonable
system optimization and design.

Many researches had been done to carry out a rational
design and optimization of CCHP system (Li et al., 2020;
Nami et al., 2020; Song et al., 2020b; Teng et al., 2020), and
two types of optimization method were proposed accord-
ing to the evaluation methods, i.e., on-site optimization
process based on results acquiring from field tests, and the
transient simulation methods (Al Moussawi et al., 2016).
Despite its ability to present accurate and real results, the
application of the former method is limited by its high
costs, longer consuming time, limitation of specific sys-
tem configuration. Thus, the transient simulation meth-
ods were commonly used, and many algorithms, such
as, mixed-integer linear programming (MILP), mixed-
integer non-linear programming (MINLP), were used
to performed the optimization with multiple and even
conflicting objectives which can reflect the comprehen-
sive performance of CCHP system (Jing et al., 2017; Mar-
quant et al,, 2017; Yang et al., 2015; Zheng et al., 2018). For
example, Song et al. (2020b) established a MINLP model
to determine the optimal configuration and strategy of
CCHP systems in an industrial park by using cost sav-
ing ratio (CSR), primary energy saving (PES) ratio and
carbon emission reduction (CER) as the objectives, and
the weighed sum method with equal weights was used to
solve the problem of multi-objectives. While, in the study
of Song et al. (2020a), CSR and PES ratio were used as ob-
jectives to optimize a solar hybrid CCHP system to select
the optimal capacities based on different operation modes,
in which, Genetic Algorithm (GA) was used to find the
Pareto front solutions. Zheng et al. (2018) established a
multi-objective MINLP model with net present value
(NPV), carbon dioxide emissions and energy bill as the
objectives to study the impact of installing ground source
heat pump and roof-top PV on the performance of CCHP
system. The optimal layout, capacities and operation con-
ditions were selected simultaneously, and multi-objectives
was solved by the weighed sum method. In which, the
entropy weight method was used to determine the weights
of objectives. Yousefi et al. (2017) presented an optimiza-
tion model of a CCHP microgrid to select the optimal
capacities, within, three objectives i.e., net present cost,
PES and CER ratio, were optimized and solved by GA to
obtain the Pareto Fronts.

However, there are still three major research gaps ex-
isting in the above researches about the optimal design
of CCHP systems. The optimal design of CCHP system
for given buildings is a stakeholder-oriented problem with
the aim to provide suitable results that are satisfactory to

decision-makers/stakeholders. Thus, the first research gap
is that the vagueness, ambiguity, and subjectivity existing
in human judgments are not considered in the process
of eliciting preferences of the decision-makers/stakehold-
ers on the importance of objectives, it will lead to incor-
rect configurations, capacities and operation conditions
that cannot accurately reflect the willing of the decision-
makers\stakeholders. The second research gap lies in the
neglect of discreteness of equipment capabilities in CCHP
system which will result in sub-optimal solutions (Yang
et al,, 2015, 2017; Yokoyama & Ito, 2006). Yokoyama and
Ito (2006) proposed a generic framework to deal with the
discreteness of equipment capabilities for cogeneration
plants with a hypothesis that only the same capacity can
be selected for a type of equipment. Thus, a framework
which can select multiple units with different capacities
for a type of equipment should be established to avoid
sub-optimal solutions and acquire better economic and
environmental benefits.

While, the last one is that an easily understood and
comprehensive environmental indicator had not been
established. It is obvious that most of the above studies
only focused on some single indicator, such as the carbon
dioxide emission which is the most frequently used. How-
ever, no matter the on-site phase or from the life cycle per-
spective, many substances that increase the environmental
burden (i.e., global warming, acidification, eutrophication,
eco-toxicity) are discharged, meanwhile, substantial mate-
rials, i.e., metals, rare earth, fossil fuels, water and land, are
also used. Some efforts had been done to conduct a more
comprehensive evaluation of the environmental impact
for CCHP system based on life cycle assessment (LCA)
(Jing et al., 2012a; Norwood & Kammen, 2012; Wang
etal., 2015). For example, Jing et al. (2012a) optimized the
capacities and operation strategies of a gas engine driven
CCHP system using the LCA optimization methodology,
in which, three environmental impacts, i.e., acidification
potential, global warming potential and respiratory effects
potential, are considered. While, Zhang et al. (2019) con-
ducted an exergy-based analysis for coal-fired cogenera-
tion plants based on LCA. The above researches mainly
focused on the evaluation of the system performance
from the life cycle perspective, few integrated the life cycle
analysis methodology with multi-objective optimization
technique. Meanwhile, there were no multi-objective life
cycle optimization frameworks which can simultaneously
optimize the configurations, capacities, and operation
conditions of CCHP system.

Therefore, the main aim of this paper is to establish
a superstructure based multi-objective MILP model to
help the decision-makers/stakeholders select the optimal
configurations, capacities, and operation conditions of
CCHP systems for given buildings while narrowing the
above three research gaps. Within, three objectives, i.e.,
annual total cost (ATC), eco-costs which represent the
environmental impacts by monetary units and is easy for
decision-makers to understand and express preferences,
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and primary energy consumption (PEC), were simultane-
ously optimized. In which, the weighted sum method was
used to address the multi-objective problem, and the fuzzy
pairwise comparison method was used to determine the
weights of objectives. Meanwhile, an improved method
based on the work of Yokoyama and Ito (2006) was estab-
lished to tackle the discreteness of equipment capabilities.

The rest of the paper is organized as follows: Section
1 described the schematic of the proposed CCHP system
and the main problems to be tackled. While, the math-
ematical model was established in Section 2, and the solv-
ing method was introduced in Section 3. Section 4 gave
all the parameters required for verifying the validity of
the proposed model with the main results and discussion
presenting in Section 5. Finally, the study was concluded
in last Section.

1. Problem definition

Firstly, the schematic of the proposed CCHP system was
depicted in Figure 1, which contains the most representa-
tive energy conversion technologies. It is definite that
more optional technologies can be added to the proposed
CCHP system. And the working principles are as follows:
1) The electricity was generated by the power generation
unit (PGU) and photovoltaic panels (PV) by converting
the input energy i.e., natural gas and solar energy, respec-
tively. In which, the generated electricity is partially con-
sumed by the electrical chiller (EC), and the rest is used
to meet the users’ demand, furthermore, the purchased
electricity from the public utility grid is used to make up
when the generated electricity is insufficient. 2) Cooling
and heating energy can be provided by absorption chiller
(AC) and heat exchanger (HE) using two sources of heat-
ing energy, i.e., the exhaust heat generated by PGU which
is recovered by the heat recovery unit (HR), and the heat
generated by the natural gas boilers (Boiler). Thus, the
cooling demand can be provided by both the EC and AC
together, while the heating demand is only supplied by the
HE. 3) Electrical storage (ES) and thermal storage (TS)
devices are used to balance the demand fluctuation.
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Thus, the inputs of the model can be summarized as
follows: buildings and the related load demands (i.e., elec-
tricity, cooling and heating demand), renewable resources
(i.e., solar irradiation), market data (i.e., the natural gas
price, price of electricity purchased from the utility grid
and the heat value of natural gas), technical and economic
data of equipment (i.e., optional capacities, efficiencies,
capital costs, O&M costs, eco-costs and lifetimes of dif-
ferent components).

While, the aim is to establish a suitable mathemati-
cal model based on the above inputs to select the opti-
mal configurations, capacities, and operation conditions
of CCHP system for the decision-makers/stakeholders.
Meanwhile, the model should have the following three
abilities: 1) The model can tackle the discreteness of
equipment capabilities, and multiple units with different
capacities for a type of equipment can be selected which
is different from the existing literature. 2) The vague-
ness, ambiguity, and subjectivity should be considered
when eliciting the preferences of the decision-makers/
stakeholders on the importance of the objectives. 3) Pro-
viding a comprehensive and easily understood environ-
mental indicator based on the life cycle perspective for
the decision-makers/stakeholders.

2. Mathematical model

A multi-objectives MILP model was established in this
section, which can help stakeholders select the optimal
configurations, capacities, and operation conditions of
CCHP system for a given inputs. And the following as-
sumptions were given before constructing the model:
1) The capacities of PGU, Boiler, AC, EC and PV panels,
are discrete, while that of the other components is set to be
contiguous; 2) The minimum operating load of GT, Boiler,
AC, and EC is set to be 50% to avoid low efficiency; 3) The
equipment efficiencies of the CCHP system are consid-
ered as constants; because the existence of hypothesis 2,
the equipment efficiency can be considered as a default
value with minor deviations based on the work of Pia-
centino et al. (2013), thus the assumption is reasonable
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Figure 1. Schematic of energy flow in the proposed CCHP system
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and acceptable; 4) The excess electricity is not allowed to
sell back to the main grid; 5) The CCHP system operates
without any power failure. The mathematical model of the
proposed CCHP system are shown as below and the sym-
bols in the model can be seen in Nomenclature.

2.1. Constraints

2.1.1. Selection of component, capacity, number, and
on-off status

A hierarchical optimization approach was proposed in this
section based on the work of Yokoyama and Ito (2006)
as shown in Figure 2 in order to select the optimal com-
ponent, capacity, number and on-off status of equipment
while tackling the discreteness of equipment capabilities.
As a novelty, the proposed approach can select multiple
units with different capacities for one type of component.
The approach is described as follows:

Suppose there are I types of component in CCHP sys-
tems, and J; kinds of candidate equipment capacities for
i-th component. Furthermore, N units can be selected in
j-th equipment capacity, in which, N is an arbitrary posi-
tive integer that is large enough to satisfy the load de-
mands even if only one capacity is selected. And, at the
bottom of the hierarchy, the on-off status of each unit is
optimized. While, binary variables 8 jmt > g Vij,
are used to indicate the selection status in the hierarchi-
cal optimization schematic, and hold the principle that 1
means selected, 0 means not selected. N- s defined
as the n-th equipment in j-th equipment capacities of the
i-th component. Thus, the following equations can be ob-
tained:

O; it SDijns (1)
N N
Zcoi,ji’n /N < Vi, < Zcoi,ji,n ; (2)
n=1 n=l1

where 8,0,y € {0,1}, ie {PGU, Boiler, EC, AC}, j=12,--];
where 8- ,; is a binary variable to indicate the on-off

status of equipment N-  in f time period; ®- isa
S s i

binary variable used to indicate selection status of the

Component
Capacity: y

Number: ©

Status: &

Figure 2. Hierarchical optimization schematic of CCHP
systems

equipment N- . Thus, the number of selected equip-
i
N
ment can be expressed as Z(oi, jn > Dinary variable y; ;

n=1
is used to express the selection status of the j-th equip-
ment capacities of the i-th component, so the selection
Ji
status of i-th component can be expressed as Z Vij, -
Ji=l
Thus, Eq. (3) and Eq. (4) can be established. In which,
Eq. (3) along with Eqs (1)-(2) are used to select the com-
ponent, capacity, number, and on-off status for the first
kind of equipment, i.e., GT, Boiler, AC, EC. While, Eq. (4)
is established to select the component and capacity for
the second kind of equipment, i.e., HR, PV, HE, ES, TS.

And, E;; ,, represents the energy production of the n-th

equipment under j-th capacity for the i-th component at
t time period. Capf}_a" and Capi‘;[in are the maximum and
minimum allowable partial load operation power of the
j-th capacity for the i-th component.

o min <« . <. . max .

Sz,Ji,n,tcapi,j,- - El,Ji,n,t = Sl)Ji»”»tcap"’J}' ’ )
min ma.

Vi Capi™ < Borpari < i Capi™™, (4)

i € {HR, PV, HE, ES, Ts}.

2.1.2. Other constraints

The other constraints, i.e., load demand constraints, tech-
nology constraints, constraints of renewable technologies
and constraints on storage technologies are given below.
Within, Eq. (5) means the total output power of the first
kind equipment in t time period; similarly, Eq. (6) indi-
cates the partial load power should not exceed the design
capacity for the second kind equipment. While, the for-
mula of electricity balance, cooling balance and heating
balance are shown in Egs (7)-(9), with the constraints of
endogenous relation used to express the total primary en-
ergy input, the correlation of HR and GT, and the heat
flow distribution showing in Eqs (10)-(12). Eqs (13)-(15)
are the constraints of the photovoltaic module, in which,
the area of each panel considered in this paper is about
1.6 m? (Yousefi et al., 2017), and the area of installed solar
panels should be less than the maximum area available
for installation. The last Eqs (16)-(18) are the constraints
of the energy storage module, within, the energy storage
devices work on the principle that the energy stored at the
beginning of the time period equals to the energy stored
at the beginning of the previous time period (consider-
ing the energy consumption) plus the net energy flow as
shown in Eq. (16). And Eq. (17) demonstrates that the
charge and discharge power of the energy storage devices
should not exceed their designed power. Meanwhile, it
is assumed that the energy storage devices can only deal
with the energy fluctuation of a design day, which means a
zero net energy flow on a design day because the high cost
of energy storage technology resulting in small-scale and
short-term applications of them, as formulated in Eq. (18).
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Ji N
E =2 D Ei; ns» i €{PGU, Boiler, EC, AC},
) oot
j=ln=1
jzlaza"'yji; (5)
E;, <Pyopari» i € {HR, PV, HE, ES, TS} ; (6)
Z Eiy +Egua, + By —Eggy —
ie{PGU,PV}
Jis N
Z ZEi6,ji6,n,t ICOB ; ZE 13 (7)
Jig=1n=1
> E,>E.; (8)
ie{AC,EC}
Ei7p 2 Epys ©)

]1' N
E= > zin,ji,n,tni,ji ; (10)

i{PGU,Boiler} j=1n=1

Ji N
Ey, = Zinl,jil,n,t (l/rli,ji1 _l)nis ; (11)

j=ln=1

2 Ey tER-EQ =

iE{HR,Boiler}
Jis N
ZZ(EiS,j,-S,n,t /COPiS,ji5 )+ En,t/n,»y; (12)
j=ln=1
E;;, =1.6-1;, -Gpoa, - N, /1000 ; (13)
A=16-N;,; (14)
A< A, (15)

Ey=E o (0-p)+ (n?thth _Ei,DtiSCh [ mPihy

1

i {ES, TS}; (16)
Ch Disch ; .
Ei,t < Pnormal,i ’Ei,tm < Pnormal,i e {ES’ TS} > (17)

T
D> (MMES) — ERisch yqPischy =0, i e {ES, TS} . (18)
t

3. Objective functions

3.1. Annual Total Cost (ATC)

The first objective function of the model is to minimize
annual total cost (Cr,,,) which contains annual equip-
ment cost (Cggpirq)> annual equipment operation and
maintenance cost (C,,,), annual electricity and fuel cost
(Cgee and Cg,,p), as shown in Eq. (19). And all the sub-
objectives, i.e., Ceupitap Comr Crlec and Cppp can be ob-
tained by Eqs (20)-(25).

CTotal =C 1 + COM + CFuel + CElec > (19)

Captia

Ji N
CCaptial = Z ZZ(CRFI x CCﬂPviJ} x CaPiJi Xy, >”)
ie{GT,Boiler, ACEC} j=1n=1
+ z (CRF; x Ccap,i X Pm;rmal,i ); (20)
ie{HR,PV,HE,ES, TS}
r(l + r) '
CRE =———"—; 1)
(1+r)" -1
IN -1IF
r= ; (22)
1+IF
COM ZZZ(CO&m,i ><Ei,t XDut); (23)
it
Crate = 2 Coria * Egria *Du; 5 (24)
t
Cn = ZC X A x Du (25)
Fuel — NG t:
; HV

3.2. Eco-costs

In this paper, a “prevention based” environmental indica-
tor named eco-costs was used as a comprehensive and eas-
ily understood environmental indicator based on the life
cycle perspective (Carreras et al., 2016; Mano et al., 2017;
Mestre & Vogtlander, 2013; Vaskan et al., 2012; Vogtldnder
et al., 2010, 2000; Vogtlander & Arianne, 2000). Usually,
single indicator was used to estimate the environmental
impact of various emissions because it is easy to carry
on comparison. And three types of single indicator were
commonly used. The first one is “single issue” represented
by carbon footprint with the advantages of simple and
transparent, however, the neglect of other pollutants and
incapability of cradle to cradle calculations limit its appli-
cation (Brizga et al., 2020; Jiang et al., 2015). The second
one is the “damage based” indicator which become the
most frequently used single indicator since the develop-
ment of LCA method (Corominas et al., 2020; Goglio
et al., 2020). It can make people realize the importance of
energy saving and clean production, but the calculating
process of such indicator is complex and non-transparent,
as well as the subjective of weights in the process of index
aggregation. Thus, a “prevention based” environmental
indicator, i.e., the eco-costs defined by Delft University
of Technology, are used to indicate the environmental
burden of a product or process. As a tool to describe the
environmental impacts, eco-costs are easily understood
through converting those impacts into monetary units, it
can be understood as the cost arise by the prevention of
such environmental burden with the goal establishing on
“the earth’s estimated carrying capacity” rather not policy
goal. And the eco-costs are virtual costs which should be
regard as hidden obligations (Carreras et al., 2016; Mano
et al., 2017). Thus, eco-costs as the environmental indi-
cator are easy for decision-makers to understand, and
express preferences between economic benefits and envi-
ronmental impacts.
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Usually, two-types of eco-burden are used to calculate
the total eco-costs, i.e., eco-costs of resource depletion,
which contains materials depletion, land-use change and
water scarcity; and the eco-costs of emissions to air, water,
or soil, which includes carcinogens, summer smog, fine
dust, acidification, eutrophication, ecotoxicity and green-
house gases. Based on the work of Mano et al. (2017), such
eco-costs can be classified into four main damage catego-
ries at the endpoint levels, i.e., e;: human health (cancer,
smog, fine dust), e,: eco-system (acidification, eutrophi-
cation, ecotoxicity), e;: resource depletion (abiotic deple-
tion, land-use) and e,: global warming (CO, and other
greenhouse gases). Then, the above four categories were
aggregated into single total eco-costs using a simple sum
without subjective weights, as shown in Eq. (26):

Eco_costTOT = ZEco_coste = ZZem xW,, ,(26)
e e m

where Eco_costTOT and Eco_cost® means the total eco-costs

and the eco-costs at different endpoint levels, respectively;
in which e represents the above four categories defined at
the endpoint levels. 6, ,, (€/Kg or €/K]) is the eco-cost
characterization factor representing the eco-costs of dif-
ferent materials or energy considering different endpoint
levels, which can be directly obtained from the database
(Ecocostsvalue, 2017). While, W,, (Kg/KJ) means the
quantity of different materials or energy which are from
the life cycle inventory.

The total eco-costs of the CCHP system (Eco_CostT0T)
contain two parts: the first one is the eco-costs arose by
the construction materials of the components and plant,
however, such eco-costs usually can be negligible because
it accounts for only a small fraction of the total eco-costs
which is also verified in the following case study. In this
paper, the eco-costs arose by the construction materi-
als of the components which is marked as Eco_CostMAT,
were calculated to illustrate changes in eco-costs due to
component changes caused by different systems, as shown
in Eqs (28)-(29). While, the second part is the eco-costs
caused by the energy consumption (fuel combustion and
electricity gained from the utility grid) which is represent-
ed by Eco_Cost®N, as shown in Egs (30)-(31).

Eco_CostTOT = Eco_CostMAT + Eco_CostEN; (27)

4
Eco_CostMAT =" Eco_ CostMAT ; (28)

e=1

Ji N
> 2D CRE xCap; ; x; ; , %

ie{GT,Boiler, AC,EC} j=1n=1

(ee,grid X Eni + zee,m x Vvi,m J +

m

Eco_Cos t;"IAT =

Z CRFi XPnormal,i Xlee,grid XEI’Z,- +Zee,m >dlvi,mj;

ie{HR,PV,HE,ES,TS} m

(29)

4
Eco_CostEN =Z:E(:0_CostfN ; (30)

e=1

EN _
Eco_Cost; _Zee,ng x F, x Du, +ZG€ grid X Egia+ X Duy.
t t

(31)

3.3. Primary Energy Consumption (PEC)

The third objective is to minimize the total amount of
primary energy consumption including natural gas and
electricity purchased from the utility grid which can be
calculated by Eq. (32). In which, n,,, is the efficiency of
the utility grid of a typical coal-fired power plant which
contains the transmission loss.

ZEGrid,t x Dut
PEC=) F, xDu, ++——. (32)
t NGrid

4. Solving method

In this paper, the above multi-objective problem was tack-
led by the weighted sum method, and the fuzzy pairwise
comparison method was used to obtain the corresponding
weights of objectives in order to address the vagueness,
ambiguity, and subjectivity existing in human judgments
(Chang, 1996; Choudhary & Shankar, 2012; Ghadimi
et al., 2012; Ren & Liitzen, 2015; Tseng et al., 2009).

Firstly, the generic formula of the weighted sum
method is defined as Eqs (33)-(34) which can obtain the
unique solution by converting the multi-objective into a
single-objective.

eyl (33)

Zwi =1, (34)

where w; and f; are the weight and value of the i-th objec-
tive, respectively; while s; is the scale factors of the i-th
objective which is used to scale down the values of objec-
tives with the aim to guarantee they are at the same mag-
nitudes. In which, the weights of objectives are obtained
by the fuzzy pairwise comparison method described as
follows which can be divided into five steps based on the
work of Chang (1996):

Step 1: Establishing a comparison matrix.

Firstly, a comparison matrix M, using linguistic terms,
which indicates the relative importance of one objective
over another, can be established. Then a comparison ma-
trix M, expressed by fuzzy numbers can be obtained by
transforming the matrix M, using the scales presented in
Table 1.

0, 0, - O,
O 1 my - my,
My, My, - My, , (35)

M2= 0, my,

On My My My
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where, and O,, is the n-th objective m; = |:ﬂ’ll§,7;l{]w,ﬁl;]:|,

my; =1/my i,j=1,2,---,n, my is a triangular fuzzy num-
ber representing the relative importance of the i-th objec-
tive compared with the j-th objective.

Table 1. The linguistic terms and the corresponding fuzzy
numbers for pairwise comparison (Chang, 1996)

Linguistic terms | Abbreviations Fuzzy scales
Just equal JE (1,1,1)
Equal priority E (2/3,1,3/2)
Weak priority w (1,3/2,2)
Fairly strong priority |FS (3/2,2,5/2)
Very strong priority | VS (2,5/2,3)
Absolute priority A (5/2,3,7/2)

Reciprocals RE, RW, RFS, | The reciprocals of

RVS, RA these fuzzy number

Step 2: Calculating the fuzzy synthetic extent of the
i-th objective.

The fuzzy synthetic extent can be calculated by
Eqs (36)-(38), as shown below. s, :(Sf SM ,SI.”) is a fuzzy
number representing the fuzzy synthetic extent of the i-th

objective.
-1

m n m
sl.:znaij® ZZﬂaij , (36)
j=1 i=1j=1
where

m m

m m
Zﬁaij= Zrhg,Zmy,Zﬁag Li=1,2,1m; (37)
j=1

=1 j=l =

(38)

1 1 1
> b
ToZ L L

Step 3: Determining the possibility matrix.

The elements [JU of possibility matrix can be deter-
mined by the Eq. (39). Here f)y represents the degree of
possibility that the triangular fuzzy number §, >, .

Dij =V(S,- >Sj):

1 if SM-SY
0 if Sk-sV. (39)
sf - |
Otherwise

(slM—s}f)Jr(s}hs]L)

Step 4: Calculating the degree of possible that the

fuzzy synthetic extent of each objective to be greater than
that of all the other objectives.

It can be determined by Eq. (40). d'(O;) means the
weight of the i-th objective.

d'(Oi)zmin V(Si ZSk) fork=1,2,.,nand k=#i. (40)

Step 5: Normalizing weights

The normalized weights can be obtained using
Eq. (41). In the equation, d(0O;) is the normalized weight
of i-th objective.

d(0,)=d'(0,)/ £d'(0,). (41)
i=1

5. Case study

A hypothetical office building locating in Shanghai, East-
ern China is used to verify the validity of model. In or-
der to obtain the optimal configurations, capacities, and
operation conditions of the proposed CCHP system, the
following data should be given first: 1) The load demands
of the office building (i.e., electricity, cooling, and heat-
ing demand) and solar irradiance, which are obtained by
EnergyPlus energy simulation software, as shown in Fig-
ures 3—-4. In this paper, three typical days were selected
to represent the seasonal and daily variations in load de-
mands with each typical day divided into 24 time periods.
See Supplementary Material for detail. 2) Table 2 exhibits
the market data include the natural gas price, electricity
price which is purchased from the utility grid, and the
heat value of natural gas. 3) Technical and economic data
of equipment, which contains optional capacities, efficien-
cies, capital costs, O&M costs and lifetimes of different
components, which can be seen in Table 3 (Di Somma
et al., 2017; Partnership, 2017; Yang et al., 2015, 2017). 4)
While, the parameters of eco-costs consist of the quali-
ties of materials and electricity required for the equipment
construction are obtained from the researches (Jing et al.,
2012b; Wang et al., 2015, 2018) and the database (Ecocost-
svalue, 2017), as shown in Table 4 and Table 5.

Table 2. Market data

Items Time period Price
1-8, 15-18, 23-24 0.79 CNY/kWh
Electricity
9-14,19-22 1.1 CNY/kWh
Nature Gas |1-24 3.0 CNY/m?
HV / 10.72 kWh/m?3

Meanwhile, five scenarios are defined and studied
to analyze the performance of the proposed system de-
scribed as below: Scenario 1: Multi-objective scenario,
three objectives, i.e., ATC, PEC and Eco-costs, were used
as objectives and solved by the method proposed in Sec-
tion 4. In which, the relative importance of ATC com-
pared with PEC and Eco-costs was considered as “Fairly
strong priority”, while PEC is “Equal priority” compared
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with Eco-costs. Thus, the weights of ATC, PEC and Eco-
costs can be calculated as 0.708, 0.146, 0.146, respectively.
Seen Supplementary Material for detail. Scenario 2: Con-
ventional system scenario, the conventional system means
that the electricity demand is entirely provided by the util-
ity grid, the cooling and heating demand are provided by
the electric chiller and the natural gas boiler, respectively.
Scenario 3: Economy-oriented scenario, which means only
economic objective ATC is considered in the optimiza-
tion process. Scenario 4: Virtual cost scenario, the sum of
ATC and eco-costs was optimized as a single objective.
Scenario 5: Single capacity scenario, in which, the method
to tackle the discreteness of equipment capabilities pro-
posed by (Yokoyama & Ito, 2006) where multiple units
with only one capacity for a type of component can be

selected. The reasons of setting the above five scenarios are
as follows: 1) The Scenario 1 was used to verify the validity
of the proposed model; 2) While, the Scenario 2 was set to
study the economic benefits and environmental impacts of
CCHP system; 3) Economic benefits are often the highest
priority target for decision-makers. Therefore, Scenario 3
is set to explore the results brought by taking economy as
the single objective. And the Scenario 4 is set for compara-
tion; 4) The last scenario is used to show the superiority
of the proposed model. At last, the proposed model is for-
mulated in GAMS (General Algebraic Modeling System)
and solved in CPLEX solver. The longest calculation time
required to solve the model is less than 485.47 sec with an
i5 CPU 2.3 GHz and 12 GB RAM when the absolute gap
and relative gap are all 0.

Table 3. Technical and economic information of different devices

Equipment type Cap (kW) Efficiency (%) Ccap (CNY/kW) | Co&m (CNY/kWh) L (year)
1000 26.60 10817
MGT/GT 3510 23.95 11765 0.058 15
7520 28.90 7568
10680 27.34 7235
700 83.00 905
Boiler 1041 83.00 905 0.017 20
2000 83.00 905
HR / 0.75 11 0 15
PV / 0.17 15712 0.786 30
872 1.419 1556
AC 1454 1.417 1556 0.0063 25
2326 1.261 1556
EC 1250 43 o2 0.0095 25
3520 4.73 924
HE / 0.95 11 0 15
ES / nCh :J‘Ei&c&: 0-95 2750 0.04 5
TS / nCh :F?Eigii: 0-95 157 0.0095 20
nGrid 0.32
Table 4. Information of construction materials
Equipment Material(kg/kW) Electricity
Steel Aluminum Copper PVC Glass Li (kWh/kW)
GT 9.8182 6.3636
Boiler 1.5000 0.0400 1.0000
HR 1.0000 1.0000
PV 27.0000 10.5000 9.2000 80.0000 82.000
AC 18.3673 11.8980
EC 4.0816 0.0408 1.0204 2.0408 4.6531
HE 1.9000 1.2000
ES 1.64 0.7 0.1134
TS 1.0000 1.0000
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Table 5. The eco-costs characterization factors

Environment Material Costs(CNY/kg) El(ecc';\rfi;}ty N?tcl:llr\]eY%as
Impacts Steel Aluminium Copper PVC Glass Li kWh) kWh)
Human Health 0 0.47 0 0.16 0 0.14 0.0170 0.0011
Exo-tocicity 0.16 4.51 3.50 0.39 0.31 0.69 1.3880 0.0081
Resource Depletion 0.16 7.47 14.31 2.96 0 2.64 0 0.3783
Carbon Footprint 1.24 9.57 5.76 1.87 2.64 2.13 1.1534 0.2065

6. Result and discuss

6.1. Performance of CCHP system and conventional
system

6.1.1. Optimal configurations, capacities, and
operation conditions

The optimal configurations, capacities of CCHP system
and conventional system can be obtained by solving the
above Scenario 1 and Scenario 2, and the results are sum-
marized in Table 6. The optimal CCHP system consists
a 7520 kW gas turbine, a greater than 13875.6 kW heat
recovery unit, a greater than 11458.4 kW heat exchanger,
six 2326 kW absorption chillers, one 1230 kW and four
3520 kW electrical chillers, and thermal storage devices
with a capacity of 18606.7 kW for balancing fluctuations
of load demands. Noteworthily, the auxiliary boiler, pho-
tovoltaic panels and electrical storage devices are not se-
lected in the optimal configurations of CCHP system. The
exhaust heat generated by the PGU is sufficient for the
heating demand of the building resulting in the absence of
auxiliary boiler, while the high production costs and eco-
costs because of technical limitation of the PV panels and
current batteries are the main reasons why the latter two
devices are not selected. As to the conventional system,
the installation of nine 700 kW, two 1041 kW auxiliary

Table 6. Optimal values of numbers and capacities of
equipment in the two scenarios

Sce- Equipment Capacity | Num- | Total installed

narios quip (kW) ber capacity (kW)
Power | 750 | 1 7520
generation unit
Heat recovery / / 13875.6
unit

Sce- | Absorption

nario | chiller 2326 6 13956

! 1230 1
Electrical chiller 15310

3520 4
Heat exchanger / / 11458.4
Thermal storage / / 18606.7
Auxiliary boil 700 0 8382
uxiliary boiler

Sce- v 1041 2

nario

2 1230 1
Electrical chiller 29390

3520 8

boilers and one 1230 kW, eight 3520 kW electrical chiller
are used to meet the heating and cooling demands. And
all the electricity is provided by purchased electricity from
the utility grid.

The optimal electricity generation and distribution
(Figure 5a) and the composition for providing cooling
demand at each time period (Figure 5b) can also be ob-
tained to get the maximum economic and environmen-
tal benefits. As shown in Figure 5a, 62.9% of the annual
electricity consumption is provided by the power genera-
tion unit with a running time 6360 hours and the rest is
purchased from the utility grid in CCHP system, which is
different from the conventional energy system that all the
electricity demand is supplied by the purchased electricity.
Moreover, most of the electricity are used to meet electric-
ity demand, and the rest small portion is consumed by the
electrical chiller, as shown in the yellow line. Figure 5b
shows that 75.7% of the cooling demand is provided by
the absorption chillers and the rest is provided by the elec-
trical chillers. The total power provided by AC and EC is
usually equal to the cooling demand of users, however,
during the 34-th time period, the provided power is larger
than the demand because of the assumption that the load
of AC is not less than 50%.

6.1.2. Economic performance

The annual total costs of CCHP system and conventional
system, as well as the corresponding elements of cost, were
presented in Figure 6. Compared with the conventional
system, the cost of purchased electricity from the public
grid has fallen dramatically, although equipment costs and
fuel costs have increased because of the existence of GT
and other devices, the ATC of the CCHP system still re-
duces by CNY 3.12 million with a 3.82% reduction ratio.
Moreover, the payback period is calculated to be 2.13 years,
which means the initial capital cost can be quickly repaid
through the annual cost savings. It indicates that the pro-
posed CCHP system has a good economic performance.

6.1.3. Sustainability performance

Here, two sustainability indicators, i.e., eco-costs and pri-
mary energy consumption, were analyzed and compared
between CCHP system and conventional system, and the
total eco-costs and the corresponding eco-costs at four
endpoint levels are listed in Table 7 and Figure 7. In gen-
eral, the similarity between the two systems is that the
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g 10 , Table 7. Eco-costs for CCHP system and conventional system
S B Equipment Cost BO&M Cost
8 9}
S W Fuel Cost ®Purchased Electricity Cost Material Nature Gas Electricity
>< Eco-costs 7 7 2
8 (CNYx107) | (CNYx107) | (CNYx107)
7 Human | Scenario 1 | 0.00009569 0.01677 0.04418
g Health [gcenario 2 | 0.0001114 | 0.001091 | 0.1352
=}
T(i Exo- Scenario 1 | 0.005303 0.1235 3.6073
s 5
= SYStem | Scenario 2 | 0.003124 | 0.008031 11.0.48
g 4 Re- Scenario 1 | 0.003429 5.7671 0
g source
Deple- | Scenario 2 | 0.005561 |  0.3751 0
2 tion
i Carbon | Scenario 1 | 0.009681 3.1481 2.9966
Foot-
0 print Scenario 2 | 0.005511 0.2047 9.1664

Scenario 1 Scenario 2

Scenario

Figure 6. Annual total costs of Scenario 1 and Scenario 2

eco-costs arose by the construction materials of the com-
ponents can be ignored, and most of the total eco-costs
are caused by the energy consumption, i.e., the use of nat-
ural gas and electricity purchased by a typical coal power
plant. Meanwhile, the proportion of eco-costs generated

by using natural gas and electricity for CCHP system are
57.6% and 42.3%, respectively, which is different from the
conventional system that of 2.8% and 97.1%. Thus, im-
proving the energy efficiency and reducing primary en-
ergy consumption are critical for both systems in order to
improve the sustainability.

Compared with the conventional system, the eco-costs
at two endpoint levels, i.e., eco-systems (e2) and global
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warming (e4) reduce a lot for CCHP system, while the
eco-costs at the endpoint levels of resource depletion (e3)
increase. The essential reason is that the use of natural
gas increase with a decreasing use of electricity purchased
from coal power plant for CCHP system. The scarcity of
natural gas compared with coal, caused an increase in
eco-costs at the endpoint levels of resource depletion (e3).
Similarly, the reduction in the purchased electricity from
coal power plants leads to a reduction in ecosystem dam-
age and carbon emissions. Finally, the total eco-costs of
the CCHP system reduced by CNY 52.176 million with
a dramatically decrease of 24% compared to the conven-
tional system. Primary energy consumption (PEC) as an-
other commonly used measure of system performance, are
2.34x108 kWh and 2.58x10% kWh, and the primary en-
ergy saving ratio is 9.74%. In summary, the CCHP system
has a better sustainability performance compared with the
conventional system.

1.6

Table 8. Optima configurations and capacities of Scenario 3
and Scenario 4

Scenarios | Equipment Capacity | Num- | Total installed
quip (kW) ber | capacity (kW)
Power
generation 7520 1 7520
unit
Auxiliary
b01lelr, PV / / 0
Scenario 3 | Panels,
Battery
i 872
Ab.sorpnon 11048
chiller 2326 4
Electrical 3520 | 5 17600
chiller
Power
generation 7520 2 15040
unit
Auxiliary
A N VR
Scenario 4 Battery
i 872 2
Absorpﬂon 20352
chiller 2326 8
i 1230 1
Eléctrlcal 8270
chiller 3520 2

6.2. Influence of eco-costs on the optimal system

As the most important objective for the decision-makers/
stakeholders in the optimal design of CCHP system, eco-
nomic benefits as a single objective were optimized, i.e.,
Scenario 3, and compared with the Scenario 4 which sum
of ATC and eco-costs were optimized. The optimal num-
bers and capacities of main devices for two scenarios are
summarized in Table 8. Obviously, auxiliary boiler, PV
panels and batteries have not been selected. The sufficient
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Figure 8. Electricity providing of Scenario 3 and Scenario 4
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exhaust heat makes auxiliary boiler meaningless, however,
the absence of PV panels and batteries shows that they are
not economically or environmentally sustainable. Further-
more, Scenario 4 increases the installed capacity of power
generation unit and absorption chiller while reduces the
installed capacity of electrical chiller compared with Sce-
nario 3. The reason can be seen in Figure 8 which shows
the proportion of providing electricity of two scenarios,
in which, the purchased electricity of Scenario 4 is zero.
Thus, the main aim of Scenario 4 is to reduce the use of
electricity purchased from coal power plant which has
higher eco-costs by generating more electricity using pow-
er generation units, it can also explain why the installed
capacity of electrical chiller decrease. it’s worth noting that
the electricity of Scenario 3 higher than Scenario 4 is used
to drive the electrical chiller to meet the cooling demand.

Then, the costs of different scenarios are analyzed as
shown in Figure 9. Compared with the conventional sys-
tem, the sum of ATC and eco-costs for Scenario 3 and
Scenario 4 is decrease by 17.7% and 21.8%, respectively;
however, the ATC of Scenario 4 increases by 6.45% which
is opposite to the 4.07% reduction in Scenario 3. It dem-
onstrates that virtual cost oriented objective (the sum
of ATC and eco-costs) leads to an increase in real costs
(ATC) which will hinder the promotion of CCHP system.
At last, in Scenario 4, the virtual costs reduce by 5.29%
with a 9.9% increase of ATC and a 14.7% reduction of
eco-costs compared with Scenario 3.

6.3. Influence of the discreteness of equipment
capabilities

The ability to tackle the discreteness of equipment capa-
bilities is one of the highlights in this paper, and multiple
units with different capacities for a type of equipment can
be selected which is different from the previous studies.
Thus, in order to verify the superiority of the proposed
method, the comparison with the “single capacity” which
means multiple units with only one capacity for a type
of equipment can be selected have been conducted, and
different optimization objectives are used for comparison,
i.e., multi-objectives, ATC, eco-costs, PEC and virtual

Table 9. Influence of the discreteness of equipment capabilities

Objective value Reduc-
Reduc- | tion
Objectives Different One tion | propor-
capacities | capacit value | tion
P pactty (x1072)
Multi-objective 82094830 | 82128860 | 34030 41.44
ATC (CNY) 78502640 | 78507680 | 5040 6.42
Eco-costs
(CNY) 140489700 | 140491700 | 2000 1.42
PEC (kWh) 227163800 | 227174200 | 10400 4.58
ATC + Eco-
costs (CNY) 227675500 | 227775900 | 100400 | 44.08

4.00

mm ATC mmm Eco-costs =e— ATC+Eco-costs

350

Cost(¥x 107)

Scenario 3 Conventional 3 Scenario 4

Conventional 4

Scenarios

Figure 9. Costs of different scenarios

cost (sum of ATC and eco-costs), as shown in Table 9.
From the optimization results, it can be deduced that the
method proposed in this paper has better economic, en-
vironmental and energy performance.

Conclusions

In this paper, a superstructure-based multi-objectives
MILP model was established to help decision-makers\
stakeholders select the optimal configurations, capacities,
and operation conditions which can tackle the discrete-
ness of equipment capabilities with a better performance.
Annual total cost (ATC), eco-costs, and primary energy
consumption (PEC) are optimized as multiple objectives,
and the fuzzy pairwise comparation method was used to
tackle the vagueness and ambiguity when eliciting prefer-
ences of the decision-makers \stockholders. The validity
of the proposed model was verified by a hypothetical case.
Subsequently, the performance of CCHP system and the
conventional system, influence of eco-costs on the opti-
mal system, influence of the discreteness of equipment
capabilities, are analyzed with the following conclusions:
1) The CCHP systems are superior to the conventional
systems in terms of economy, environment, and energy. 2)
The CCHP systems perform poorly at the end-point level
of resource depletion. 3) Virtual cost oriented objective
leads to an increase in real costs (ATC) which will hinder
the promotion of CCHP system. 4) The proposed method
of tackling the discreteness of equipment capabilities in
this paper can achieve better economic, environmental
and energy performance. However, the drawback of this
paper is that the uncertainty of parameters, such as, the
load demands, equipment efficiencies and economic data,
is not considered, and it is also the further step that should
be done.
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APPENDIX
Nomenclature
Sets Symbols
t Time period A Area of solar panels (m?)
I Set of all the optional equipment C Price/ Cost (CNY/kW)
] Set of all the optional capacities Ceap Capital cost of each equipment (CNY/kW)
e Set of all the endpoint levels Ceapital Total capital cost (CNY)
m Set of all the kinds of materials Cruel Total nature gas fuel cost (CNY)
Greek symbols Cosgam Operation and maintenance cost (CNY)
® Binary variable, selection of equipment Cpele Total purchased electricity cost (CNY)
capacity and number Crotal Annual total cost (CNY)
) Binary variable, on/off status Cap Equipment capacity (kW)
) ) ) COP Coefficient of performance
Y Binary variable, selection of component -
CRF Capital Recovery Factor
n Efficiency E Part load power (kW)
0 Eco-cost characterization factor Eco_cost®N | Total eco-costs of the energy consumed (CNY)
[0} Loss efficiency Eco_costMAT | Total eco-costs of the materials (CNY)
Superscripts Eco_cost™T | Total eco-costs (CNY)
max Maximum value Du Duration of per period time (h)
min Minimum value F Nature gas consumption (kW)
Disch Discharge Gpoa Solar irradiance (W/m?)
Ch Charge HV Nature gas heat value (kWh/m?)
Subscripts IF Inflation rate (%)
AC Absorption chiller IN Interest rate (%)
Boiler Auxiliary boiler L Lifetime (years)
c Cold demand of building N Number of optional equipment
EC Electrical chiller Npy Number of solar panels
elec Electricity demand of building Pormal Equipment rated power (kW)
ES Electrical storage device PEC Primary Energy Consumption (kW)
Grid Electricity from the utility grid r Real interest rate (%)
h Heat demand of building W Quantity of different materials (Kg/KJ)
HE Heat exchanger
HR Heat recovery unit
o&m Operation and maintenance
PGU Power generation unit
PV Photovoltaic
TS Thermal storage device




