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Abstract: With limited investment costs, how to fully utilize the carbon-reduction capacity of a
campus in terms of buildings, equipment, and energy is an important issue when realizing the
low-carbon retrofit of office parks. To this end, this paper establishes a mathematical optimization
model for the decarbonization-based retrofit of existing office parks, based on the genetic algorithm,
taking into account the relationship between cost, energy-consumption, and carbon-emissions, and
taking the maximum carbon reduction of the park over its whole life as the optimization goal. The
validity of the model was verified in conjunction with a case study of an office park in Nanchang,
China. The case study shows that, compared with current typical parks, the carbon reduction through
an office park’s decarbonization retrofit has a non-linear correlation with the investment cost, and
when the total investment cost of the park is above CNY 60 million, the increase in carbon reduction
with the increase in the investment cost is gradually weakened, and the park achieves the maximum
carbon reduction of 236,087 t when the investment cost reaches CNY 103 million. Under the current
technical and economic conditions, the investment-cost—-carbon-reduction benefits of different carbon-
reduction technologies are different, the carbon-reduction benefit of increasing renewable energy
utilization is the best, and the carbon-reduction benefit of upgrading the energy efficiency of the
park’s supply-and-use system is lower than that of renewable energy utilization, but better than that
of upgrading the performance of the building envelope system. In addition, the configuration of the
parameters of the same low-carbon technology in different forms of buildings varies significantly,
due to differences in the building form and daily use. The model established in this paper is able to
give a comprehensive optimized building—equipment—energy configuration plan for existing office
parks, when maximizing carbon reduction under different investment costs, which guides the park’s
decarbonization retrofit.

Keywords: genetic algorithm; existing office parks; whole life cycle; cost benefits; carbon reduction; retrofit

1. Introduction

The rapid increase in carbon emissions has made environmental issues too prominent
to be ignored [1]; global carbon emissions are expected to increase to 30% above the 2010
level by 2030 [2]. In China, CO; emissions generated by parks account for 31% of the
country’s total carbon emissions [3], so carbon reduction in parks has become an inevitable
requirement for China’s low-carbon transition. According to the IPCC, the main sources of
carbon emissions on the park scale are energy and buildings [4].

In terms of energy, most of the existing research focuses on the optimization of the
configuration method and operation strategy of the integrated energy system in the park.
For example, Song, Z. et al. developed a multi-objective optimization model to synergis-
tically optimize the configuration and operation strategy of a combined cooling, heating,
and power (CCHP) system, with the objectives of minimizing the cost, primary energy
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consumption, and carbon emissions [5]. Wu, D. et al. proposed a multi-parameter syner-
gistic optimization method aimed at cost reduction, carbon reduction, and independence
in the low-carbon park energy system, with photovoltaics, wind power, lithium batteries,
and heat storage tanks, and explored the equipment configuration and operating parame-
ters [6]. Wang, Y. et al. developed a multi-objective optimization model for an integrated
energy system to optimize the capacity allocation of the energy system, using the Strength
Pareto Evolutionary Algorithm 2 (SPEA2), and through a sequential preference technique
similar to the ideal solution (TOPSIS), to minimize the total annual cost and carbon dioxide
emissions under different investment cost constraints [7]. Guo, W. et al. constructed an
integrated energy system, including combined heat and power (CHP), a heat pump (HP),
and energy storage (ES), and considered the optimization objectives of the operating cost,
energy efficiency, and renewable energy consumption rate, taking into account the carbon
emission and demand response, and used the multi-objective particle swarm optimization
algorithm (MOPSO) to optimize the operation strategy of the integrated energy system [8].

In terms of buildings, research has focused on passive energy-saving design, such as
envelope thermal insulation design, and the optimization of the building form and layout.
For example, Luo, Z. et al. took the optimization objective of maximizing the carbon-
reduction benefit and cost-effectiveness of the whole life cycle of the building, to obtain
the optimal configurations of seven design parameters for the thermal performance of the
envelope, and two parameters related to the users’ willingness to save energy (cooling and
heating temperatures) [9]. Fesanghary, M. et al. proposed a multi-objective optimization
model based on the harmony search algorithm (HS). The minimization the life cycle cost
(LCC) and CO,-equivalent (CO;-eq) of the building was used as the objective function,
and the building envelope parameters were used as the design variables [10]. Ferrara,
M. et al. used a combination of TRNSYS and GenOpt, with a global cost function as the
objective function for optimization, and a particle swarm optimization algorithm was used
to minimize the objective function and identify the cost-optimal building configuration [11].
Gerber, D J. et al. chose ModelCenter as the process integration and design optimization
software, and used a genetic algorithm to develop a multi-objective optimization model [12].
Yigit, S. et al. developed a software package that combines customized thermal simulation
software with Matlab’s Optimtool [13]. Tuhus-Dubrow, D. et al. combined a genetic
algorithm with a building energy simulation engine, to build an optimization model [14].
Carli, R. et al. developed a multi-objective optimization algorithm, to improve, in an
integrated and holistic way, the building energy efficiency and comfort, by efficiently
allocating the budget to the buildings [15].

In addition, many scholars consider the coupled effect of the building and energy
system to integrate and optimize the building envelope and air-conditioning system.
Chantrelle, E. et al. developed a multi-objective optimization tool for building renewal, Mul-
tiOpt, that focuses on optimizing the building envelope, air conditioning loads, and control
strategies, using a genetic algorithm (NSGA-II) coupled with TRNSYS, and economic and
environmental databases [16]. Petkov, L. et al. proposed a multi-stage multi-objective
scalable optimization framework (called MANGOTet) to provide optimal configurations
for multi-energy systems and the envelope retrofits of existing buildings, using the multi-
objective building optimization tools Mobo and TRNSYS [17]. Abdou, N. carried out a
multi-objective optimization, using the multi-objective building optimization tool Mobo,
in conjunction with TRNSYS, to find the optimal building envelope design, and the op-
timal sizing of the renewable energy system for a net-zero energy building in Tetouan
(Morocco) [18]. Lin, Y.H. et al. established a multi-objective optimization decision model
(MOBELM) for the energy performance of the building envelope and air-conditioning
system with the help of MATLAB R2021a (9.10.1602886), with the optimization objectives
of minimizing the building cost and carbon emissions [19]. Bichiou, Y. et al. demonstrated
a comprehensive energy simulation environment to optimize the building envelope charac-
teristics and HVAC system design and operation strategies, with the optimization objective
of minimizing the whole-life-cycle cost, and compared the robustness and effectiveness of
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three algorithms, namely, the genetic algorithm, particle swarm algorithm, and sequential
search algorithm, in the simulation environment [20]. Hashempour, N. et al. reviewed the
literature related to energy efficiency optimization for existing buildings, and pointed out
that GA ranked first (41%) in terms of contribution among the studies analyzed, with the
NSGA-II algorithm receiving the most attention [21]. Mela, K. compared the functionality
and the results provided by six multiple criteria decision; unfortunately, the best MCDM
method was not discovered [22].

It can be seen that previous studies mainly focus on a single dimension, such as energy
or buildings, and the selection of carbon-reduction technologies is mostly limited to the
selection of one or two carbon-reduction technologies for optimization. In addition, the
research on the optimization of carbon-reduction technologies in parks mainly focuses on
the planning and design of new parks, offering few optimizations for retrofitting existing
parks, and most of them are qualitative technical guidelines [23-26], lacking quantitative
analysis. The office park is a systematic integration of various types of single buildings,
equipment, and energy sources, and the form and function of different buildings are
different, so when the investment cost is given, how can we configure multiple low-carbon
technologies among buildings, to maximize the benefits of carbon reduction in the park?
This is one of the questions that need to be answered.

Therefore, in this paper, we will consider the relationship between cost, energy con-
sumption, and carbon emissions, and establish an integrated optimal configuration model
of building—equipment-energy, based on the genetic algorithm, with the goal of maximum
carbon reduction in the whole life cycle of an existing office park retrofit. The innova-
tion of this paper is to maximize the whole carbon emission reduction of the park under
limited cost constraints, and to make full use of the carbon-reduction potential of build-
ings, equipment, and renewable energy in all aspects, through a reasonable configuration
solution, which is of great guiding significance for the low-carbon transformation of the
established park.

2. Optimization Model

Currently, there are several mature low-carbon technologies for building bodies,
equipment, and energy, but the costs and carbon-reduction potential of different low-
carbon technologies vary greatly, and they are applicable at different stages. Under limited
cost constraints, first of all, according to the region, climate, form, function, and other
characteristics of the specific project, the low-carbon benefits of various types of resource
inputs should be comprehensively optimized, and compared and weighed against the
low-carbon benefits of buildings, equipment, and renewable energy use, etc., so as to
filter out the optimal configuration of the various low-carbon technologies that can be
utilized in the target park. The establishing process of the optimization model is shown
in Figure 1, and is mainly divided into three steps. The first step is to select low-carbon
technologies. Based on the carbon-reduction benefits and investment costs of relevant
low-carbon technologies, we identify low-carbon technologies applicable to the retrofit
of the target parks. The second step is to establish the optimization model. Based on the
low-carbon technologies selected to form the optimization variables for the park retrofit,
furthermore, we obtain the quantitative relationship between each optimization variable
and carbon emissions and investment costs, then we define the objective function, and
set the constraints and initial values of the optimization model. The third step is model
solving. Using the genetic algorithm, we obtain the calculation results of the model, i.e., the
maximum life-cycle carbon reduction achieved by the park’s decarbonization retrofit under
different investment cost constraints, and the corresponding optimal configuration scheme.
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Figure 1. Optimization flow chart.

2.1. Objective Function

In this paper, the maximum life cycle carbon reduction of the park’s decarbonization
retrofit is taken as the objective, assuming that the park contains n buildings with a total of
m low-carbon technologies available. For a given parameter of a low-carbon technology
applied to a building in the park, the corresponding carbon reduction and investment cost
of the technology can be obtained, as shown in Equations (1) and (2), respectively:

Ef; = f(kiz) €))

Cfj = g(kiz) 2)

where Ef.‘, ; is the whole-life-cycle reduction in carbon emissions from the use of low-carbon
technology j on building i; k;  is the technical parameter for the use of low-carbon technol-
ogy j on building i; and Cf‘l jis the investment cost of applying low-carbon technologies j to
the building i.

The objective function for maximizing the whole-life-cycle carbon reduction in the
park is established as Equation (3):

E= Z?:1 Z]mzl Eﬁj - Z?:l 27:1 EI((?P,Z',J' B Z?:l 271:1 EI&OJ’J’ &)

where E’é p,ij 18 the reduction in carbon emissions during the operational phase of the use

of low-carbon technology j on building 7; and E’(‘:O i 18 the increase in carbon emissions
during the construction phase of the use of technology j on building i.
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2.2. Constraints
2.2.1. Technical Boundary Constraints

Different low-carbon technologies have different parameter-change characteristics,
and technical boundaries. For example, for low-carbon technologies such as the roof and
external wall insulation thickness, external window heat transfer coefficient, and photo-
voltaic installation area, their technical parameter changes can be regarded as continuous,
with upper and lower bounds. For carbon-reduction technologies such as heat-reflective
coatings, air-conditioning intelligent operation and control systems, and energy-saving
lighting retrofits, there are only two scenarios in which the change in the technical param-
eters takes place: when the technology is used, the parameter takes the value of 1; when
it is not used, the parameter takes the value of 0. Then, the constraints of the technical
boundary are shown in Equation (4):

kﬁj <k < k% 4)

2.2.2. Cost Constraints

The application of each low-carbon technology to each building will generate the
corresponding investment cost; based on the accumulation of the investment cost of all the
carbon-reduction technologies in the park, we get the total cost of the park’s decarbonization
retrofit, as shown in Equation (5):

Co = Z?:l Z]m:l ij =C ®)

where 7 is the number of individual buildings in the park; m is the number of low-carbon
technologies adopted; k is the value of the parameter taken for the use of technology j on
building i; and Cffj is the cost of adopting the j-th technology in building i with technical
parameters takiﬁg the value k. The total cost Cy is obtained by superimposing all the
sub-costs Cf‘],.

2.2.3. Model Solving

Optimization models include linear optimization models, nonlinear optimization mod-
els, mixed integer linear or nonlinear optimization models, multi-objective optimization
models, and many other types. Efficient and accurate solution algorithms can be selected
according to the model characteristics, such as the gradient descent method, Newton
method, genetic algorithm, and so on.

The optimization model established in this paper is a single-objective optimization
model, with the objective of minimizing the total carbon emissions in the whole life cycle
of the park. According to whether the optimization variables are continuously reachable
or not, it is divided into nonlinear optimization programming and mixed integer linear
programming, which corresponds to the choice of calculus or stochastic methods for solving
the model using MATLAB2021a (9.10.1602886) software.

3. Case Study
3.1. Park Overview

The research object of this paper is a selected office park in Nanchang, Jiangxi Province,
which covers an area of 25,000 square meters, with a total of 11 single buildings: respectively,
a restaurant (No. RO01), four enclosed office buildings with the same structural form
(No. W01), and another enclosed office building (No. W02). In addition, there are four
“E”-type office buildings with the same structural form (No. E01), and another “E”-type
office building (No. E02).

The effect diagram of the park is shown in Figure 2, and the main technical indexes of
each individual building in the park are shown in Table 1.
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Figure 2. Effective diagram of the park.
Table 1. Technical indicators for each type of building in the park.
Individual N ¢ Window- Roof External External The Area of East,
Building  Number Building Fl(()).o(;s Wall Are(:/)mz Wall Window West, and South
Area/m? Ratio Area/m? Area/m? External Wall/m?
RO1 1 23,150 2 0.8 11,575 1200 4800 1200
WO01 4 2088 6 0.3 3348 5223 2712 2717
W02 1 33,480 10 0.3 3348 8705 4687 4528
EO1 4 22,902 6 0.3 3817 7160 3856 4086
E02 1 38,170 10 0.3 3817 11,933 6427 6809

3.2. Selection of Optimization Variables

Based on the considerations of carbon-reduction potential and investment cost, Sun, J.
categorized various types of low-carbon technologies. Firstly, there are high-potential
and high-cost, low-carbon technologies represented by a distributed energy supply and
ultra-low energy buildings. Secondly, there are high-potential, low-cost, low-carbon tech-
nologies represented by building photovoltaics and various types of heat pump technolo-
gies. Thirdly, the carbon-reduction technologies represented by a building’s photovoltaic
technology and by arbor and shrub configuration, solid waste recycling, and wastewater
treatment are low-potential and low-cost low-carbon technologies and, fourthly, there are
low-potential and high-cost, low-carbon technologies represented by a garbage pneumatic
recycling system and three-dimensional greening [27]. Xiao, H. et al. pointed out that air-
conditioning systems, household appliances, and lighting systems are the three technologies
with the highest potential for carbon reduction in the long term, accounting for 72.9% of the
total carbon-reduction potential in the building sector in China [28]. The literature [29,30]
points out that heat-reflective insulation coatings on external walls can effectively reduce
the surface temperature of external walls in hot-summer and cold-winter regions, with
good carbon-reduction benefits. In addition, photovoltaics have excellent carbon-reduction
benefits [31,32]. For the optimization of the layout of the building form, various types of
heat pump technology, and other types of low-carbon technology, despite having significant
carbon-reduction benefits, are not suitable for the retrofit of existing parks.

In this paper, for the low-carbon retrofit of an existing office park in Nanchang City,
considering economy and feasibility, the seven low-carbon technologies of exterior wall
insulation (abbreviated as “WAIT”), roof insulation (abbreviated as “RIT”), thermal perfor-
mance of exterior windows (abbreviated as “WDIT”), heat-reflective coatings (abbreviated
as “HRIT”), lighting energy-saving retrofit (abbreviated as “LEST”), intelligent control
system of HVAC (abbreviated as “ACIT”), and photovoltaics (abbreviated as “PVs”) are
finally selected as the optimization variables to establish a comprehensive optimization
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model for the low-carbon optimization of the park’s retrofit. The optimization variables of
this park are set as shown in Table 2.

Table 2. Optimized variable settings.

Building Envelope Use or Not Use or Not Use or Not
Thick p Thickness of Heat of Heat of HVAC of Lighting
Building ICR nefss 0 External Transfer Reflective Intelligent Energy- PV Area
. (lm ' Wall Coefficient Coating Control Saving ky
nsulation Insulation of Windows Technology Technology Technology
ki,l k: k: k. 4 k; k:
1,2 1,3 1 1,5 i,6
RO1 ki1 ki ki3 k14 k15 ki6
Wo1 ko1 ko ko3 ko4 ko5 ko
W02 k31 ks k33 ks k35 ks 6 k7
E01 ka1 kap ka3 kya ka5 kyg
E02 ks 1 ks ks 3 ks ks s ks

3.3. Optimizing Variable Constraints

(1) Low-carbon technologies for building envelopes

We examine the performance limits of low-carbon technologies for envelope struc-
tures in China. For the exterior envelope insulation performance retrofit in this park, the
parameter-setting constraints for roof insulation, external wall insulation, and external
window heat transfer coefficients are shown in Equations (6)—(8), respectively:

0 <kjy <120 (6)
0 < kjp <120 @
05 < ki3 <26 (8)

where k; ; is the thickness of the exterior wall insulation, mm; k;  is the thickness of the
roof insulation, mm; k; 3 is the heat transfer coefficient of the window, W m-2K-1L,

(2) Heat-reflective coatings

The application effect of heat-reflective coatings is related to the climate zone in which
the building is located, and the part of the application, generally in the tropics or hot-
summer and cold-winter areas, where the application effect is better, and the application of
reflective heat-insulating coatings on the north facade of the building is not obvious. The
region in which this case is located is a hot-summer and cold-winter region, taking into
account the economy and feasibility of the project implementation plan to optimize the
application of this technology to the east, south, and west elevations of the building. The
application area of the exterior heat-reflective coatings is not a continuous variable; rather,
for a particular monolithic building, there are only two cases: when not in use, k; 4 is 0;
when in use, k; 4 is 1; and the constraint relationship is shown in Equation (9):

b= { ©)

When k; 4 is 0, it means that the building does not use this technology, and when k; 4 is
1, it means that the building uses heat-reflective thermal insulation coatings.



Processes 2023, 11, 2452

8 of 22

(3) HAVC Intelligent Control System

For the HAVC intelligent control system, there are two cases; i.e., when a building is
set up with this control system, it takes the value of 1, and when the building is not set up
with this control system, it takes the value of 0. The constraint relationship is shown in (10):

ks = {{ (10)

(4) Lighting-energy-saving retrofit

Lighting-energy-saving retrofit technology is only considered for spaces with high
occupancy rates, such as offices and conference rooms, to which the economic benefits
of lighting-energy-saving retrofits are relatively obvious. For some auxiliary equipment
rooms, stairwells, and other areas with a low level of space occupancy, the technology is
not considered. The constraint relationship is shown in Equation (11):

ks = { a

When a building adopts a lighting-energy-saving retrofit, then k; ¢ is 1, and when the
technology is not adopted, k; ¢ takes the value of 0.

(5) PV-paved

There is a limited area in the park and, at the same time, there is the requirement for a
green space rate, so the available photovoltaic area in the park is concentrated on the roof
of the building, and the photovoltaic pavement area in the park is constrained, as shown in
Equation (12):

0<ki;<Ap 12)
where Ap is the area of the park where PV can be installed, which, in this paper, is taken as

70% of the total building roof area.

3.4. Investment Cost Constraints

The total investment cost of the decarbonization of the park is the sum of the invest-
ment costs of implementing each low-carbon technology in individual buildings, as shown
in Equation (13). Among them, each individual investment cost is shown in Table 3.

6
6 k 6 k k 6 k 6 k k
Co = Z].:1 Cp +4x ijl G+ Z; G, +4x ijl C,tY.C,+CG (13
]:

The formula for calculating the investment cost of each type of low-carbon technology
is shown in Table 3.

Table 3. The quantitative relationship between various low-carbon technology parameters and
investment costs.

Low-Carbon Technology Relational Equation for Cost and Parameter Configuration Equation No.
k. .

Building thermal Roof C;‘{ﬂ =kiy x AD; x Py (14)
performance External wall Ciy =kin x AQ; X P, (15)
External window Cis =kizg x AC; x P3 (16)
Heat-reflective coating technology Ck, = (49.75 x k; 4> — 602.45 x k; 4 + 1875) x AW; (17)
HVAC intelligent control technology Ck. = k5 x Ps (18)
Lighting-energy-saving technology Cll.‘6 =kie x Ps (19)
Photovoltaic power technology Cl’.‘7 =ki7 x P; (20)

Note: k; ; represents a technology configuration parameter; P;, i=1, 2, ... 7 represents the investment cost unit
price of each technology, respectively.



Processes 2023, 11, 2452

9 of 22

3.5. Quantitative Relationship between Carbon Reduction and Optimization Variables

In order to obtain the quantitative relationship between the parameter settings of
low-carbon technologies, and the whole life cycle carbon reduction in each type of building,
this paper establishes a model of each type of building in Rhino and Grasshopper, sets up
different thicknesses for the roof and exterior wall insulation, and different heat transfer
coefficients for the exterior windows (the variable settings are shown in Table 4), and
simulates the calculation of the operational stage of different types of building with different
envelope parameter settings for carbon reduction. Meanwhile, the quantitative relationship
between the PV pavement area and PV power generation is calculated, according to ref. [26].

Table 4. Low-carbon technology variable settings.

Building Optimization Variables Unit Range Step

Thickness of external wall insulation mm [0, 120] 10

Thickness of roof insulation mm [0, 120] 10

RO1, W01, Heat transfer coefficient of windows Wm2K! [0.5,2.6] 0.5
W02, E01, E02 Use or not of heat-reflective coating technology / 0/1 \
Use or not of lighting-energy-saving technology / 0/1 \
Use or not of HVAC intelligent control technology / 0/1 \
Park PV area m? [0, 33, 180] 1

Based on the modeling results, manner in which the carbon emissions increased
in the construction stage, and reduced in the operation stage of each type of building
envelope renovation in the park under different parameter settings was derived, and
data fitting was performed to obtain the quantitative relationship equations between the
thickness of the roof insulation layer, the thickness of the exterior wall insulation layer,
the heat transfer coefficients of the exterior windows of each type of building, and the
carbon emissions increased in the construction stage (CP-IN) and the carbon emissions
reduced in the operation stage (OP-DE). In addition, for low-carbon technologies, such as
heat-reflective coatings and lighting-energy-saving retrofits, the relationship between the
parameter values taken and the carbon reduction can be given directly via a calculation.
The quantitative relationship between each optimization variable and carbon reduction in
the park is as follows.

(1) Enhancement in the insulation performance of the envelope

The carbon reduction in the operational phase of the exterior wall, roof, and window
insulation enhancement was calculated using the Grasshopper(Build 1.0.0007) software,
the saved electricity was discounted according to the grid carbon emission factor, and
the relationship equation between each optimization variable and its carbon reduction
was obtained via fitting, which is summarized as shown in Table 5. The increased carbon
emissions in the construction phase of each building’s exterior wall, roof, and window
insulation performance enhancement were calculated, according to Equations (21)—(23):

kiq ki

Ejhy = AQi X 7035 X 282 (21)
B2 D x K2 o 959 (22)
0,2 #7000
k;
ESR = AC; x (—4.84 x ki3 +37) (23)
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Table 5. The quantitative relationship between each optimization variable and its carbon reduction
in the operation stage.

Relationship Equation between Optimization Variables

Building Low-Carbon Technology and Carbon Reduction in the Operational Phase Equation No.

External wall insulation ]0‘;11 1= (5 x 1070 x k1 12 —0.0089 x kq 1 — 17. 91) x Aq (24)

RO1 Roof insulation Eo;:l 5 = (43 x1073 X k1% — 0.62 X k15 + 13.49) x A4 (25)
External window insulation E];;fl 5 = (—30.32 x k13 +57) x A (26)

External wall insulation E’o‘;lz 1= (5x1075 x ko2 — 0.0089 x kp 1 + 138.09) x Ay (27)

WOl Roof insulation B2y = (001 x kpp® — 028 x kpp —3.15) x A (28)
External window insulation E];;fz 3 = (51.38 x kp3 —140.02) x A (29)

External wall insulation Eﬁ;g 1= (31x1073 x k3 1% — 1.09 x k31 + 16.23) x A; (30)

W02 Roof insulation E’o‘;g 5 = (0.01 x k352 —0.29 X k3o +1.61) x A3 (31)
External window insulation E0;33 5 = (76.96 X k33 — 148.04) x A3 (32)

External wall insulation E§;14 1= (L1x1073 x ky12 — 039 x kg1 +0.64) x Ay (33)

E01 Roof insulation Eo;‘f“ (4x107* X kg2 —0.17 X kg — 0.17) x Ay (34)
External window insulation E§;34 5 = (1339 x k43 —36.8) x Ay (35)

External wall insulation EI;;15 1= (14x 1073 x k512 — 0.48 x k51 + 12.59) x As (36)

E02 Roof insulation E’O‘;ZS = (4x 1074 x kyp? — 0.16 x ky +23.86) X As (37)
External window insulation Elo‘p 53 = (41.26 X ks 3 —48.76) x As (38)

Note: i =1,2,...5 are denoted as restaurant R01, low-rise enclosed building W01, high-rise enclosed building
W02, low-rise “E” building E01, and high-rise “E” building E02, respectively; j = 1, 2, 3 denotes the external wall
insulation, roof insulation, and external window insulation, respectively.

(2) HVAC intelligent control, heat-reflective coatings, lighting-energy-saving retrofit

The carbon reduction by HVAC smart controls and heat-reflective coatings during the
operational phase is calculated in Equation (39):

ki, .
Eop],1] (Eop,i,o - Z] 1 Eop 1]) X1 ]=506 (39)

where 7; is the energy-saving rate of the j-th technology; in this case, the energy-saving rate
of intelligent control 75 is taken as 8%; and the energy-saving rate of heat-reflective coating
16 is taken as 2%.

The carbon reduction in the operational phase of the lighting-energy-saving retrofit is
calculated in Equation (40):

kig

Eop14

=171.09 x kj4 X A; (40)
The increased carbon emissions in the construction phase from lighting energy ef-
ficiency retrofits, HVAC smart controls, and heat-reflective coatings are calculated in
Equation (41):
kij i=1,2,---,5

_ 1] 0, 7“7 7
coj = Eopij X 10% i— 456 (41)

(3) Photovoltaic

The carbon reduction by the park’s PV during the operation phase is discounted,
based on its power generation, with reference to the grid carbon emission factor. The power
generation is calculated with reference to [33], to obtain the carbon reduction of PV in the
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operation phase as Equation (42), and the carbon emission increased in the construction
phase is calculated as 10% of the carbon reduction in the operation phase, as Equation (43):

ko,
Eoproy = 4117.07 X Spo (42)
B = B < 10% (43)

co,pv,7 — “op,pv,7

4. Results and Discussion

Based on the basic information of the park, the quantitative relationship between each
low-carbon technology parameter and its whole-life-cycle carbon emission and investment
cost is substituted into the optimization model. to obtain the optimal configuration of
the building-envelope—-equipment-renewable-energy-system of the park under different
investment-cost constraints.

4.1. Optimization of the Park under Infinite Cost

Firstly, the no-investment-cost constraint is set, and the optimal configuration of
different carbon-reduction technologies for each type of building in the park is obtained
through model calculations, as shown in Table 6.

Table 6. Parameter configurations for LCTs at infinite cost.

Building RO1 W01 W02 EO1 E02
Buildin The thickness of the roof insulation/mm 71 19 19 120 120
envelo ge The thickness of the external wall insulation/mm 0 120 120 120 120
p Heat transfer coefficient of the windows/W m—2 K1 2.6 0.5 0.5 0.5 0.5
Use or not of heat-reflective coating technology 0 1 1 1 1
Use or not of HVAC intelligent control technology 1 1 1 1 1
Use or not of lighting-energy-saving technology 1 1 1 1 1
Whole-life carbon reductions for different building types/t 8462 9580 16,064 7301 12,405
PV area/m? 33,180
Whole-life-cycle carbon reduction by PV /t 131,627
Total life-cycle carbon reduction of the park/t 236,087
Total investment/CNY 10,000 10,300

From the above table, it can be seen that the maximum life-cycle carbon reduction
that the park can achieve through the optimal configuration of the selected low-carbon
technologies is 236,087 t, corresponding to a total investment cost of CNY 103 million.
The average carbon-reduction benefit for the entire park is 2.29 kg CNY~}; at this point,
additional investments continue to be made, and carbon reduction is not increasing. It
can also be seen that the equipment energy efficiency improvement technology has been
applied to all the buildings in the park without investment cost constraints. It is worth
noting that, when the maximum carbon reduction is achieved, the configuration parameters
of the envelope thermal insulation technology of each type of building in the park differ
significantly and, for the “E”-type of building, which has the highest requirements for the
envelope thermal insulation technology, the thickness of the insulation layer of the roof and
the external wall, and the heat-transfer coefficient of the external window, have reached
the constraint boundaries, which are 120 mm, 120 mm, and 0.5 Wm 2K, respectively.
While the restaurant building’s (R01) enclosure thermal insulation technology parameter
configuration requirements are low, its roof and exterior wall insulation thickness, and
exterior window heat-transfer coefficient were 71 mm, 0 mm, and 2.6 Wm~2 K~ 1.
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4.2. Analysis of Carbon-Reduction Benefits under Infinite Cost

Based on the results of the model calculations, the carbon-reduction benefits of LCTs
in various types of building are analyzed, as follows.
(1) Carbon-reduction benefits of different LCTs in different buildings

Based on the model-optimization results, the carbon-reduction benefits (whole-life-
cycle carbon reduction at unit cost) of each LCT in each building are calculated, as shown

in Figure 3.

tion

Carbon reduc,
enefits kg/CNY)

b

Figure 3. Carbon-reduction benefits of different LCTs in different types of building.

As can be seen from Figure 3, the carbon-reduction benefits of different LCTs in the
same building vary greatly and, in general, compared with envelope thermal insulation
technologies, equipment energy efficiency improvement technologies, such as ACIT and
LEST, have higher carbon-reduction benefits. In addition, with the exception of LEST,
the carbon-reduction benefits of the same LCT vary across buildings. For example, for
the high-rise enclosed office building W02, the WAIT, ACIT, and HRCT have achieved
the highest carbon-reduction benefits, compared with the other types of building. The
applicability of the LEST is good in all types of building, with a carbon-reduction benefit of
3.56 kg CNY !, which is due to the low correlation between the lighting retrofit technology
and the building thermal performance and building form, and the relatively low cost and
linear relationship with the retrofit area.

It is worth noting that, for the restaurant building R01, the parameters of WAIT and
HRCT take the value of 0. The carbon-reduction benefits of RIT and WDIT are very low, at
0.14 and 0.27 kg CNY 1, respectively, which indicates that these LCTs are poorly adapted
to the restaurant building. Unlike with the other types of building, the window-to-wall
ratio of the restaurant is 0.8, and the building does not comply with the concept of an ultra-
low-energy building, and it is more difficult and costly to improve the thermal performance

of the envelope, so the measures related to the retrofit of the envelope have a very low
carbon-reduction benefit.
(2) Carbon-Reduction Benefits of Various Types of Building and Various Types of LCT

Based on the results of the model calculations, the carbon-reduction benefits of each
type of building, and the carbon-reduction benefits of each type of LCT are shown in
Figures 4 and 5, respectively.
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Figure 4. Carbon-reduction benefits of various building types.
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Figure 5. Carbon-reduction benefits of various low-carbon technologies.

As can be seen from Figure 4, the carbon-reduction benefits of restaurant building R01,
enclosed building W01, and enclosed building W02 are higher, while the carbon-reduction
benefits of “E”-type building E01 and “E”-type building E02 are lower.

As can be seen from Figure 5, the carbon-reduction benefits of LEST, ACIT, and HRCT
are higher, while the carbon-reduction benefits of LCT related to the improvement of the
thermal performance of the building envelope are lower.

4.3. Optimization of the Park at Limited Cost

According to the calculation results of the optimization model under an infinite
investment cost, it can be seen that the cost corresponding to reaching the maximum
carbon reduction in the park is CNY 103 million; based on this result, different limits of
investment cost from CNY 0 to 100 million are set, and the optimal configuration scheme
for the comprehensive decarbonization retrofit of the park under different cost constraints
is calculated. The relevant calculation results are as follows.
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Variation in total carbon reduction in the park with the total investment cost

Based on the results of the model calculations, the variation in the total carbon reduc-
tion of the park with the increase in the investment cost is obtained, as shown in Figure 6.
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Figure 6. Variation in the total carbon reduction with the investment cost.

As can be seen from Figure 6, the total carbon reduction in the park is non-linear with
the change in investment cost; when the investment cost is below CNY 60 million, the
carbon reduction increases faster with the investment cost, which is approximately linear,
and the carbon reduction per-unit cost is basically unchanged. However, as the investment
cost continues to increase, the trend of carbon reduction increase is gradually weakened,
and the carbon reduction per-unit cost gradually decreases. When the investment cost
reaches CNY 103 million, the park achieves the maximum carbon reduction of 236,087 t; at
this time, the marginal benefit is 0. Up to this point, the carbon reduction in the park will
not be increased with the incremental increase in the investment.

@)

Variation in parameters with the investment costs for different LCTs in the same building

Based on the modeling results, the variation in the parameters of the carbon-reduction
technologies with the investment cost in each building type was obtained separately, as
shown in Figure 7.
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Figure 7. Variation in the parameters of different carbon-reduction technologies with the investment
cost in each type of building.

As can be seen in Figure 7, there is a large difference in the variation in the parameters
of the various types of LCT in the same type of building. With the increase in the investment
cost, the priority of using various LCTs in different types of building is different. Changes
in the technical parameters of the restaurant building R01 differ significantly from the other
four types of office building. Changes in the technical parameters of the restaurant building
RO1 differ significantly from the other four types of office buildings. The other four types
of office buildings have a relatively high priority for HRCT, but there are differences in the
investment costs when the technology starts to be used.

For restaurant building R01, equipment energy efficiency upgrading technologies,
such as ACIT and LEST, begin to be applied at an investment cost of CNY 30 million,
indicating the high priority of this technology for restaurant buildings. In addition, the
WDIT does not change with the investment cost, and remains at the initial value of 2.6. The
RIT starts be applied when the investment reaches CNY 60 million.

For the low-rise enclosed office building W01, the first technologies configured are
WAIT and HRCT and, when the investment cost reached CNY 40 million, the reduction
in the window heat transfer coefficients begins. The parameters of the roof insulation
technology do not change significantly with the investment cost.

For the high-rise enclosed office building W02, LEST, HRCT, and WDIT are the first
technologies to be applied in the building, at a total investment cost of CNY 30 million.
When the investment cost reaches CNY 70 million, with the exception of RIT, other LCTs
are maximized.
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WAIT-R01 —o— WAIT-WO01
—4— WAIT-W02 —— WAIT-E01 —<+— WAIT-E02

For the low-rise “E” office building, the implementation of LCTs begins when the
investment cost is CNY 50 million, with HRCT being the first technology to be implemented
and, when the investment cost reached CNY 65 million, RIT and WAIT begin to be applied
on a large scale, with all LCTs being maximized in the building when the total investment
cost reaches CNY 10,000 million.

For the high-rise “E”-type office building, the first to be applied is the HRCT, and then,
when the total investment reaches CNY 35 million, LEST and ACIT begin to be applied in
the building, while the thermal performance improvement of the building envelope begins
to be gradually configured when the total investment reaches CNY 70 million. By the time
the total investment reaches CNY 105 million, all the LCTs are maximized in the building.

(38) Variation in the configuration parameters of the same LCT in different buildings
According to the results of the model calculations, the variation in the configura-
tion parameters of the same carbon-reduction technology in different buildings, with the

investment cost is obtained, as shown in Figure 8.
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Figure 8. Parameter changes with investment costs for each LCT.

As can be seen in Figure 8, the same LCT is prioritized differently for use in different
buildings, as investment costs increase.

For the WAIT, comparing its priority in different types of building, we can see that its
application priority on enclosed office buildings is relatively higher, while its application
priority on restaurant buildings is the lowest. Comparing W01 and W02, and E01 and E02,
it can be found that, for the enclosed or “E” type of building, the priority of WAIT is higher
for low-rise buildings than for high-rise buildings.

For the RIT, the technology only begins to be applied on a large scale when the
investment cost is CNY 70 million, indicating that the technology has a low priority.
From the comparison of its priority in different types of building, it can be seen that the
technology in various types of building showed a priority of no significant difference.
However, the technology in different types of building on the configuration parameters
varies significantly; with the “E”-type office buildings EO1 and E02 at the investment cost
of CNY 100 million, the roof is set up with a thicker insulation layer, both 120 mm, while,
at this point, the thickness of the roof insulation layer of the enclosed office buildings W01
and W02 is only 10 mm.

For the WDIT, comparing the priority of this technology on different types of building,
it can be seen that the priority of the enclosed office buildings W01 and W02 is higher, the
priority of the “E” buildings E01 and E02 is relatively lower, and there is no configuration
of this technology for the restaurant building R01. Comparing W01 and W02, and E01 and
EQ2, it can be found that, for enclosed or “E”-type buildings, the technology configuration
priority of high-rise buildings is higher than that of low-rise.

For the HRCT, the technology begins to be applied when the total investment cost is
CNY 20 million, indicating that the technology is prioritized higher. Through comparing
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its priority in different types of building, it can be seen that the difference in the priority of
this technology in various types of building is small, and the priority in E02 buildings is
relatively low.

For the ACIT, comparing its priority on different types of building, it can be seen that
its priority is higher on the restaurant building R01, which starts to apply it when the total
investment cost is CNY 20 million. Meanwhile, high-rise office buildings W02 and E02
start applying the technology at a total investment cost of CNY 50 million, and low-rise
office buildings W01 and EO1 start applying the technology at a total investment cost of
CNY 60 million.

For the LEST, through comparing its priority in different types of building, it can be
seen that there is no obvious difference in the priority of the technology in various types
of building. At a total investment cost of about CNY 40 million, the technology starts to
be applied in E02 and W02 and, when the total investment cost is CNY 50 million, the
technology starts to be applied comprehensively in the park.

4.4. Analysis of Carbon-Reduction Benefits with Limited Cost

Based on the results of the optimization model calculations, the variation in the carbon-
reduction benefits of each LCT with the investment cost in each type of building is obtained,
as shown in Figure 9.

From Figure 9f, it can be seen that PVs have an outstanding carbon-reduction benefit
of up to 13.22 kg CNY~!. Comparing Figure 9a-e, it can be seen that, with the increase in
investment cost, the changes in the carbon-reduction benefits of various types of LCT in
different types of building vary greatly.
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Figure 9. Carbon-reduction benefits of various LCTs in each building type changing with the
investment cost.

Among them, there is a big difference in the change in the carbon-reduction benefit
between restaurant building R01 and other types of building, as can be seen from Figure 9a:
in the restaurant building R01, the ACIT and LEST have a high carbon-reduction benefit;
at the investment cost of CNY 50-110 million, the building implements LEST, and the
carbon-reduction benefit is 3.56 kg CNYL; at the investment cost of CNY 70-110 million,
the carbon-reduction benefit of ACIT is 3.58 kg CNY L. The carbon-reduction benefit of the
technology to enhance the thermal insulation performance of the envelope, such as WAIT
and RIT, is 0 in this restaurant building.

For the four types of office buildings, HRCT, LEST, and ACIT have relatively higher
carbon-reduction benefits, but the carbon-reduction benefits for different types of build-
ing have large differences. For example, the low-rise enclosed building W01, configured
with HRCT, achieved a carbon-reduction benefit of 5.98 kg/CNY, and this result was 6.65,
3.48, and 3.69 kg CNY~! for W02, E01, and E02, respectively. This shows that the carbon-
reduction benefit of those technologies in enclosed buildings is higher than that in “E”-type
buildings; the maximum carbon-reduction benefit achieved by the ACIT in low-rise build-
ings W01 and EO1 is 2.6 and 2.27 kg CNY ! respectively, while the maximum carbon-
reduction benefit achieved in high-rise buildings W02 and E02 is 4.82, 4.02 kg CNY !
respectively, indicating that the carbon-reduction benefit of high-rise buildings is higher
than that of low-rise buildings.

5. Conclusions

This paper establishes a comprehensive optimization model for the retrofit of building-
equipment-renewable-energy-systems in existing office parks, with the goal of maximizing
the carbon reduction over the whole life cycle. Based on the modeling results, the maximum
carbon reduction achievable in the park and the corresponding maximum investment
cost are obtained. By setting different investment cost constraints, the maximum carbon
reduction and the change in building-equipment-renewable-energy-system configuration
parameters with the increase in investment cost are obtained. Based on the analysis of the
carbon-reduction benefits and the prioritization of various LCTs in the different types of
building in the park, the main conclusions are as follows:

(O With the increase in investment cost, the carbon reduction of the park increases grad-
ually, but non-linearly. When the total investment cost of the park is below CNY 60 million,
the carbon reduction increases faster with the investment cost, but as the investment cost
continues to increase, the trend of increasing carbon reduction gradually decreases, and
when the investment cost reaches CNY 103 million, the park achieves the maximum carbon
reduction of 236,087 t. Up to this point, the carbon reduction of the park will not increase
with the investment.
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(@ By analyzing the change in parameters of different LCTs with investment costs in
various types of building, we can see that, overall, the changes in the technical parameters
of restaurant buildings are significantly different from those of office buildings. The decar-
bonization retrofit of the restaurant is more suitable for the equipment energy efficiency
improvement technology, not for the thermal performance improvement technology of the
building envelope. In office buildings, both the equipment energy efficiency improvement
and thermal performance improvement technologies for the building envelope are applica-
ble, but equipment retrofitting is prioritized over the building envelope. It is worth noting
that the same technology is prioritized differently in different types of building; e.g., WAIT
is prioritized more highly in enclosed buildings than in “E” buildings.

(® An analysis of the carbon-reduction benefits of different LCTs in different building
types found that, overall, the carbon-reduction benefits of all LCTs were higher in high-rise
buildings than in low-rise buildings, higher in office buildings than in restaurants, and
higher in enclosed buildings than in E-type buildings. In addition, the carbon-reduction
benefits of different LCTs in the same type of building varied considerably and, overall,
retrofitting equipment and renewable energy systems had better carbon-reduction benefits
than retrofitting the thermal performance of the building envelope.

® The optimal configuration of the building-equipment-renewable-energy-system
retrofit in the park with the change in investment cost has a large difference. The paper
gives the configuration parameters of each low-carbon technology in different types of
building in an office park in Nanchang City with the increase in investment cost, but
in other office parks, with different building compositions as well as climatic zones, the
specific parameter settings of the optimal configuration scheme under different investment
cost constraints should be determined based on the results of the modeling calculations.

This paper establishes an optimal configuration model for building-equipment-renewable-
energy-system retrofits based on the relationship between investment cost, energy con-
sumption, and carbon emissions in the park. It provides a reference for the design of
low-carbon retrofits of existing parks. However, this paper does not take the guidance
of building design on users’ autonomous energy-saving behaviors into account in the
establishment of the model, and the model needs to be further optimized in future research.
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