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Highlights
e A two-stage capacity optimization approach is proposed for MES with its optimal operating
schedule taken into account;
e Two stages of optimization are interrelated to determine the optimal design and operating
capacities of energy devices simultaneously and effectively;
e The variable efficiency of energy devices due to loading and weather conditions are
considered;

e The key energy devices involve biomass-based PGU, heat exchanger, absorption chiller,
electric chiller, biomass boiler, BIPV and PVT;

o Different GA parameters are adopted to guarantee the global optimal results being identified.
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Abstract

With the depletion of fossil fuel and climate change, multi-energy systems have attracted widespread
attention in buildings. Multi-energy systems, fuelled by renewable energy, including solar and
biomass energy, are gaining increasing adoption in commercial buildings. Most of previous capacity
design approaches are formulated based upon conventional operating schedules, which result in
inappropriate design capacities and ineffective operating schedules of the multi-energy system.
Therefore, a two-stage capacity optimization approach is proposed for the multi-energy system with
its optimal operating schedule taken into consideration. To demonstrate the effectiveness of the
proposed capacity optimization approach, it is tested on a renewable energy fuelled multi-energy
system in a commercial building. The primary energy devices of the multi-energy system consist of
biomass gasification-based power generation unit, heat recovery unit, heat exchanger, absorption
chiller, electric chiller, biomass boiler, building integrated photovoltaic and photovoltaic thermal
hybrid solar collector. The variable efficiency owing to weather condition and part-load operation is
also considered. Genetic algorithm is adopted to determine the optimal design capacity and operating
capacity of energy devices for the first-stage and second-stage optimization, respectively. The two
optimization stages are interrelated; thus, the optimal design and operation of the multi-energy system
can be obtained simultaneously and effectively. With the adoption of the proposed novel capacity
optimization approach, there is a 14% reduction of year-round biomass consumption compared to one
with the conventional capacity design approach.

Keywords: Multi-energy system; Renewable energy; Biomass; Genetic algorithm; Capacity design;

Optimization.

1. Introduction

Energy crisis and global warming are becoming urgent issues in the current world [1, 2]. The
renewable energy such as solar, biomass and wind has been playing a significant role in energy
conservation and emission reduction. As an effective approach to utilize renewable energy, multi-

energy systems (MES) have attracted attention worldwide recently. In general, MES can be regarded
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as a multi-input-multi-output energy system, which can utilize multiple types of energy sources and
which is capable of simultaneously providing heating, cooling and electrical energy to buildings.
Therefore, it has the advantages of high energy efficiency, low carbon emission and high operating
reliability [3]. However, it is difficult to determine the optimal configuration of the MES owing to its
highly inter-coupled characteristics [4]. It is mainly owing to the fact that the same type of energy
demand (heating, cooling or electrical energy) can be generated by various energy devices, and the
same energy device can generate various types of energy production. It is difficult to determine the

design capacity of a single energy device according to one type of energy demand.
1.1 Related works

In order to determine the optimal configuration and design capacity of energy devices in the MES,
various optimization algorithms were adopted, including genetic algorithm, Recursive quadratic
approximation algorithm and dynamic programming. Patrizia et al. [5] proposed an evolutionary
algorithm-based multi-objective optimization approach to select the appropriate capacity of each
energy device thus identify the optimal MES layout. At the capacity design stage, the MES was
assumed to operate at the electric equivalent demand following strategy. In other words, the optimal
design capacity was determined on the assumption that the system was operated to cover the basic
building electricity load and the electricity needed for the electric chiller. Wang et al. [6] proposed a
capacity optimization approach for the solar-assisted MES based on the exergo-economic analysis. At
the capacity design stage, the MES was assumed to operate according to the following electricity
strategy. Namely, the optimal design capacity was obtained on the assumption that the MES was
operated to cover the basic building electricity load. Luo et al. [7] proposed a multi-objective
nonlinear optimization model for the device capacity of the MES with the economic, environmental
and energy objectives accounted simultaneously. The MES was operated according to the pre-set
operating schedule based on its load demand and renewable energy production. Pan et al. [8]
proposed a planning strategy to determine the optimal capacity of the energy devices in the MES thus
to manage its heating, cooling and electrical energy supply to end-users in the building. The
optimization objective of the planning strategy was to minimize the annual consumption expense. Wei
et al. [9] proposed multi-objective interval optimization model to solve the sizing problem of the MES
thus to reduce the primary energy consumption, operating cost and carbon emission. However, the
conventional formulation based operating strategy was adopted in the proposed MES. Rong et al. [10]
adopted the multi-population genetic algorithm to optimize the capacity design and operating
schedule of a hybrid district heating and cooling system to minimize the life cycle cost. A critical
value was also chosen by the proposed optimization approach to determine whether to operate the gas
engine. Gholamhossein et al. [11] proposed a multi-objective optimization approach to determine the

nominal capacity of energy devices of a MES according to its exergetic efficiency, total levelized cost
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rate as well as the cost rate of the environment. However, it was assumed that the MES was constantly
operated a full-load at the design stage. Li et al. [12] proposed a multi-criteria optimization for the
biomass-fuelled MES based on life-cycle assessment. The criteria comprise the primary energy saving
ratio, total cost saving ratio and carbon emission reduction ratio. The effects of following electrical
load and following thermal load were compared at the design stage. Lin et al. [13] proposed a genetic
algorithm-based multi-objective optimization approach to determine the optimal design capacity of
the power generation unit and absorption chiller. The optimization objectives included primary energy
saving, life cycle cost reduction and carbon dioxide emission reduction. At the design stage, the MES
was assumed to be operated based on the following thermal load strategy. Bahlawan et al. [14]
proposed a dynamic programming optimization method to determine the design capacities of energy
devices in the MES. The optimization problem was carried out to minimize primary energy
consumption over the simulation period. However, the cogeneration unit was assumed to operate at

full-load or be turned off at the design stage.

1.2 Research gaps and contribution

The energy devices adopted in the MES, the optimization variables, optimization objectives,
optimization algorithms and operating strategy of the above-mentioned studies are summarized in
Table 1. In most of the studies, the design-capacity of energy devices were chosen as the optimization
variables while primary energy consumption, operating cost and carbon emission were set as

optimization objectives. However, the following deficits were identified in the literature review:

e Conventional operating strategies, such as constantly full-load operation, following electric load,
following thermal load, following equivalent electric load or formulation-based operating strategy,
were generally adopted at the design stage. The conventional strategy itself would result in
excessive energy production in most of the load demand situations;

e The MES was not sufficient enough in energy-saving: for example, energy storages, which could
shift peak load demand, were not adopted in [5, 9-13]. In addition, electric chiller, which has
higher efficiency than absorption chiller, was not adopted in [6-8, 10, 14];

e In some of the previous research works, the key energy devices, including power generation unit,
absorption chiller and electric chiller, were operated at constant efficiency. However, the
efficiency of most practical devices would be variable under different operating and weather
conditions;

e As for the optimization algorithm, none of the existing research mentioned how to choose the
parameters of each algorithm. Therefore, they may result in local optimal rather than the global

optimum.
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Given the above-discussed research gaps, this paper aims to propose an effective capacity

optimization approach which has the following characteristics:



Table

1.

Summary

of

reference

Ref

Optimization variables

Energy devices

Operating strategy

Optimization objectives

Optimization algorithms

PV coverage ratio and design

PGU, absorption chiller electric chiller,
boiler, PV panel and solar thermal collector

Following equivalent electric load

Energy, environment and economic

Evolutionary algorithm with
population of 500 and

capacity of PGU with constant efficiency generation of 200
PV coverage ratio, supplement |PV/T collector, ICE, absorption heat pump . . 4 . Recursive quadratic
6 heat ratio with cooling tower, HS and heat exchanger. Following electric load Exergo-economic approximation algorithm
Design capacity of eneri PV panel, air source heat pump, ground source Formulations based operatin
7 devicges pacity v heat pump, boiler, solar thermal collector, ES strate P 9 Energy, environment and economic |NSGAII
and HS with constant efficiency y
Design capacity of energy PV panel, Gas turbine, boiler, HX, absorption |Integrated demand response . .
8 devices chiller and HS with constant efficiency program Annual capital and operating cost | YALMIP for MILP
Design canacity of ener Wind turbine, solar thermal collector, electric Formulations based heating mode Multi-objective group search
9 devicges pacity v boiler, gas boiler, absorption chiller and | cOmhode 9 Life cycle cost optimization with adaptive
electric chiller with constant efficiency o covariance and chaotic search
Thermal capacity of gas engine, . . Heating mode and cooling mode . . - . . .
10|t ofresingolngty S0 N e et o T i scrtca vl tojuige 1S E110) g <02 esion Mt ot et
GSHP, critical value P 9 whether operate the gas engine ! 9 g
Design capacity of micro turbine Micro-turbine, auxiliary boiler, absorption Exergertic efficiency, total levelized |GA, population size=500,
11 and gbsor ptionychiller chiller and electric chiller with constant Full load operation cost rate of the system, cost rate of |maximum generation=300,
P efficiency environmental crossover=70%, mutation 1%
. . . . " . . Technique for Order of
12 Design capacity of PGU, type of Biomass bfased ICE, absorption chiller, Follow!ng electric load Energy, environment and economic|Preference by Similarity to
biomass stock electric chiller and heat exchanger Following heat load .
Ideal Solution
. . h W . . GA, population size=100,
13 3?,?;3:1 capacity of PGU and ESILér NEatrigEmiller, absorption chiller and 9 mode operating strategy Energy, environment and economic |maximum generation=100,
crossover=0.8, mutation=0.4
. . Solar thermal collector, PV, auxiliary boiler, P .
14 Design capacity of energy heat pumps, cogeneration unit and hot water ~ |Cogeneration unit fully on or off Minimizing primary energy Dynamic programming

devices

storage

consumption
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e The design capacity of energy devices and the optimal operating schedules of the MES are
determined simultaneously and interrelatedly. In other words, the design configuration of MES is
determined based on its optimal operating schedules thus to exploit the potential of MES fully;

e The proposed capacity optimization approach is adopted on a comprehensive MES, which
involves building integrated photovoltaic (BIPV), photovoltaic thermal hybrid solar collector
(PVT), biomass gasification-based power generation unit (PGU), absorption chiller (AC), electric
chiller (EC), heat exchanger (HX), biomass boiler and various energy storages;

e The variable efficiency of BIPV, PVT, PGU, AC and EC at different loading and weather
conditions are considered to represent its practical performance;

e The parameters of genetic algorithm, including population size, retain percentage, crossover
percentage and mutation percentage, are chosen by the numeration method to avoid possible local

optimum results.

The rest of this paper is organized as follows: Section 2 provides an overview of the MES dynamic
model and the representative commercial building; Section 3 illustrates the proposed two-stage
capacity optimization approach; The results and discussion are outlined in Section 4; Section 5 draws
the conclusion of the paper and points out directions of future study.

2. Development of MES dynamic model and representative commercial building

To satisfy the cooling, heating and e¢lectrical energy of the commercial building, a comprehensive

renewable energy fuelled MES is designed.
2.1 System design

The schematic design of the MES is shown in Fig. 1. Solar energy and biomass are the two renewable

energy sources adopted to drive the whole MES system.

e For building electricity supply, the solid biomass is gasified in the gasification system and
supplied to the internal combustion engine for electricity production. The biomass-based internal
combustion engine can also be called power generation unit (PGU). Meanwhile, solar energy is
converted into electricity through BIPV and PVT. In addition, electricity storage is adopted for
electricity load shifting purposes.

e For building cooling supply, the heating energy recovered from the PGU can be adopted to drive
the absorption chiller. Meanwhile, the electricity generated by the PGU can be adopted to drive
the electric chiller. In addition, cold storage is adopted for heating load shifting purposes.

e For building heating supply, the exhaust heat from the power generation unit is recovered through
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heat recovery system and delivered to the heat exchanger for heating supply. Moreover, solar
energy is converted to thermal energy through PVT. Meanwhile, biomass is also supplied to the
biomass boiler for heating purposes. In addition, heat storage is adopted for heating load shifting

purposes.

Therefore, the MES can be regarded as a multi-supply-multi-demand system, solar energy and
biomass are the two major renewable sources, while electricity, cooling and heating are the three

types of energy demands from the building.

Electricity
BIPV storage
. M,.o0  Biomass Cao POW‘:.r Qrove  Crcvime i i Tonss T lrd‘hﬂ P Crre PV
Biomass " gasification - 9engraten 1
Cold O
Qn(;f.’j(:c Electric _Qi<' Btorage Electricity ’l).
chiller _‘
Q.vm-..e...- Q
HR_AC . QA‘ i' L Taenes q
—> Absorption _*u » Cooling D
chiller o
Ouv i | Qe v )
Heat PGU HR HR_HX Heat HY
recovery ¥ exchanger onms| ] Taons
system
g Building
storage
)
Mo , Biomass %

boiler

Biomass Electricity Exhaust heat  Cooling Heating
— > —> —>

Fig. 1. Schematic diagram of the MES.

The energy devices in thet MES include biomass gasification system, biomass-based PGU, BIPV,
PVT, absorption chiller, electric chiller, biomass boiler, heat exchanger, electricity storage, cold
storage and heat storage. The thermodynamic models of each energy device are summarized in Table
2. To make the system simulation result closer to the practical operation, the effects of weather and
loading conditions on the efficiency of BIPV, PVT, biomass-based PGU, absorption chiller and
electric chiller are considered. For BIPV and PVT, the validated model in [15] is adopted, in which
the thermal and electrical efficiency is affected by the actual outdoor air dry-bulb temperature and
solar radiation. For biomass-based PGU, the validated model in [12] is adopted. For absorption chiller
and electric chiller, their coefficient of performance (COP) are dependent on cooling water inlet
temperature and the part-load ratio [4, 16]. For heat and cold storages, the hot water tank and chilled
water tank are adopted, respectively; For electricity storage, the Lithium-lon battery is adopted [17].
The design parameters of the energy storages, along with the heat recovery system, biomass boiler

and heat exchanger, are summarized in Table 3.
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Table 2. Thermodynamic model of the MES.
Biomass gasification system Qpc = My peuLHVioNpe
Power generation unit

Qprcu,e = NMpcu,eQre
Qpcu,ex = Npcu,ex¥pc
Qprcu HR = NHRQpPGU ex

BIPV Qipv = PApipv ABIPV NPy

Mgipy = nBIPV,n[]‘ + gT(TBIPV B ref)][l t+ & (‘PBIPV - ‘Pref)]
PVT Qpvre = NpvT,e X @ X Apyr

Qpvr,n =MNpyr,n X @ X Apyr

Toyre = Tpyrel L+ &r(Tevr = Trep)|[1 + &5 (0pvr — @rer)]

Mpyrn = 77PVT,h[1 + gT(TPVT - Tref)][l t+ &y (‘PPVT - ‘Pref)]
Absorption chiller Qac = Qur acCOPy¢
Electric chiller Qpc = QPGU_ gcCOPgc
Biomass boiler Q5 = 1My s LHV i

Heat exchanger
Electricity storage
Cold storage

Qux = NuxQur_Hx
Egsj+1 = Egsj + Tenpslenes — Tach,es/MdchEs
Ecsjs1 = Ecsj + Tencslen,cs — Tacncs/MNdch,cs

Heat storage Eusj+1 = Ensj + Tenusfenns — Tachas/NdchHs
40 1
-~ Electrical
;‘\5 30 —@- Thermal
>
g2 © @ —
3
5 101
0 | ! . | | . . . , .
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PLR
(a) Biomass-based PGU
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(c) Electric chiller
Fig. 2. Efficiency and COP of biomass-based PGU, absorption chiller and electric chiller

Table 3. Design parameters of the energy devices.

Design parameter Value
Absorption of PV surface 0.8
Emissivity of PV surface 0.9
Substrate resistance (h m* K/kJ) 0.01
Channel emissivity 0.9
Back resistance (h m* K/kJ) 1.0
BIPV/PVT [15] Channel height (m) 0.0508
Reference PV efficiency 0.12
Reference temperature 25
Reference radiation (kJ /h m?) 3600
Efficiency modifier temperature -0.005
Efficiency modifier radiation (kJ /h m?) 0.000025
Charge efficiency of CS (%) 90
Discharge efficiency of CS (%) 90
Charge efficiency of HS (%) 90
Energy storages [4, 16,17] Discharge efficiency of HS (%) 90
Charge efficiency of ES (%) 95
Discharge efficiency of ES (%) 85
Heat recovery system [16] Efficiency (%) 90
Heat exchanger [16] Efficiency (%) 90
Biomass boiler [18] Efficiency (%) 80

2.2 Building information

The typical office building in the United Kingdom as detailed in [19, 20] is adopted to identify the
representative year-round heating, cooling and electricity demands of commercial buildings. The 3D
drawing and floor plan of the reference 4-storey commercial building are presented in Figs. 3 and 4,
respectively. The floor size is 32 x 16 m? with the floor-to-ceiling distance of 3.5m. The floor plan is

identical on each floor and is divided into three zones: zone 1A and zone 1B are office rooms while
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zone 2 is the corridor. The windows are distributed on the north, west and east-sided walls, with the
window-to-wall-ratio of 1:2.

Zone 1A

16 m

9m

Zone 2
m

: N

®

32m

<
]

Fig. 4. Floor layout of the representative
commiercial building.

Fig. 3. 3D drawing of the representative
commercial building.

—— | - I =
1.0 -~ Occupant_1A/1B
—@- Occupant_2
—&— Lighting
0.8 1

 —&— Equipment

Schedules
o
8

o
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Fig. 5. Operating schedules of the office building on weekdays.
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Fig. 6. Temperature setpoints of heating and cooling on the weekdays.
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Table 4. U-values of building surfaces.
Building element External wall | Top roof | Ground floor | Window
U-values (W/m? K) 1.517 0.14 0.14 1.51

Table 5. Indoor design conditions of the office building.

Indoor design feature Value
Cellular offices (LA/1B) | 14
Zone floor area per person (m2/person) Common areas (2) 3
Lighting power intensity (W/m?) gglrlt:jri?c:nogfrlece?ss ((Zl)A/lB) 224
. . Cellular offices (1A/1B 10
Equipment heat gains (W/m?) Common areas ((2) ) >
Fresh air requirement (L/s/person) 10
Sensible heat gain of occupant (\W/person) 75
Latent heat gain of occupant (W/person) 75
Air change per hour through infiltration 0.3

On weekdays, the pre-set operating schedules of occupant, lighting and office equipment during the
weekdays are presented in Fig. 5, while the temperature set-points of heating and cooling are shown
in Fig. 6. On weekends, the operating schedules and temperature setpoints are equal to those at non-
working hours (i.e. 1-6 h, and 19-24 h) on weekdays. The heat transfer coefficients of building
surfaces and indoor design conditions are summarized in Tables 4 and 5, respectively.

The typical weather data from London is adopted to explore the energy performance of the developed
commercial building. The dry-bulb temperature, relative humidity and solar radiation are depicted in
Fig. 7. The outdoor air dry-bulb temperature reaches about 24~29 °C in summer, while drops to
around -3~-7 °C in winter. The relative humidity varies from about 40% to 100% during the year.

Moreover, the solar radiation reached its peak at about 3000 kJ-h™m during the summertime.

30
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- - N N
w (=] wv o w

o
L

|
v

Jan. Felb, Mér. A;I:r. MéyA Juln. jully Au‘g. Se'pt. Oct. Ncluv. Déc,
Month

(@) Dry-bulb temperature
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Fig. 7. London weather data during the Typical Meteorological Year.

Due to the year-round changing weather condition, transient simulation platform TRNSYS 18 [21]
and the validated thermal building model Type 56 is adopted to obtain the annual profile of hourly
cooling, heating and electrical energy demands. The year-round basic heating, cooling and basic
electricity demands are summarized in Fig. 8.

From January to middle May, and October to December, the basic heating energy demand Dy, ;, stands
for the thermal energy for both space heating and hot drinking water. Due to the relatively high
outdoor air dry-bulb temperature, from middle May towards the end of September, space heating is
not needed while thermal energy is only used for hot drinking water. The highest heating energy
demand reaches 464594 kJ/h at the second week of January.

The cooling energy demand D, exists from middle May towards the end of October owing to the
relatively high outdoor air dry-bulb temperature and solar radiation, while its peak happens at the
middle of August with the value of 306824 kJ/h.
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The basic electrical energy demand D, , indicates the electricity used for lighting and office
equipment. During non-office hours during the weekday and weekends, the essential office equipment

was kept on, thus it results in low but constant electricity consumption during that period (as shown
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on the bottoming blue dots). Moreover, based on the daylight value, artificial lighting control is

adopted to reduce electrical energy consumption. Therefore, three typical values can be identified for

electricity consumption, while it varies owing to the variation of daylight. The peak electrical energy

demand is 135190 kJ/h when both lighting and office equipment is operated at its peak value.
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Fig. 9. Electrical and thermal energy production from solar power.
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To fully utilize the solar energy, BIPV panels are equipped on the whole area south-faced wall, while
PVT panels are installed on the entire roof of the building. The electrical energy production from
BIPV and PVT panels as well as the thermal energy production from PVT panels are dependent on
the outdoor air dry-bulb temperature and solar radiation, as shown in Fig. 9. As a result, the electricity
production from BIPV and PVT panels as well as the thermal energy from PVT are relatively high

during May and August.

3. Two-stage capacity optimization approach

Pre-process inputs Multi-energy system GA optimization
A o Ener, Energy Energy Energy
Weather data Design information 8y . Start |
Dry-bulb temperature of the building sources storages devices  outputs '
Relative humidity . . Intialization
Solar radiation Fig. 5, Fig. 6, Table 3, Blonllass HS BG Heating v
Fig. 7 Table 4 Solar g PGU  Cooling Fitness
v ES BIPV  Electricity value
BVT evaluation
Energy demands ES v
Cooling EC Selection
Heating AC a
Electricity HX Maimg
Fig. 7
: HR Mutation
+ Boiler

Technical parameters

Relative data of various energy devices
Table 2

\/ v v

Two-stage optimization approach

First-stage: Design capacity optimization

Optimization variables Objective function Constraints
Design capacity of energy devices Weekly biomass consumption Energy demands limit
HR CHX CAC (‘EC ( B CES CHS Ccs duIing the coldest winter

week m and the hottest

b.winter

summer week m

b,summer

Optimal design capacity of energy devices J IOptimal operating capacity of energy devices

Second-stage: Operating capacity optimization

Optimization variables Objective function Constraints
Operating capacity of energy devices Weekly biomass gnergy ballances limit
QPGU,e QHR QHX QAC QEC QB FonesTaches consumption /7, perational constraints

rch‘ cs rdch, cs rrh. s ra’ck, CS

Fig. 10. Schematic diagram of the proposed two-stage optimization approach.
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The aim of the proposed optimization approach is to determine the optimal design capacity of each
energy device involved in the MES. Since the optimal design capacity of each energy device is
depended on its actual operating schedule, the optimal operating schedule is taken into account in the
proposed two-stage capacity optimization approach. In other words, the optimal design capacity and
operating capacity of the MES are obtained by performing two interrelated stages of optimization: the
resulted optimal design capacity from the first-stage optimization is used as operational constraints in
the second-stage optimization, while the resulted optimal operating capacity from the second-stage is
adopted in determining objective function in the first-stage optimization. The schematic diagram of
the proposed two-stage capacity optimization approach is illustrated in Fig. 10. Since biomass is the
only primary energy sources consumed in the MES, the primary energy consumption, economic cost
and carbon emission all depend on biomass consumption. Therefore, it is regarded as the objective

function in both the first-stage and second-stage optimization.

3.1 First-stage optimization

The objective of the first-stage optimization is to determine the optimal design capacity of each
energy device in the MES, based on the optimal operating capacity determined in the second-stage

optimization.
3.1.1 Design variables

In the first-stage optimization, the design capacities of power generation unit Cpsy ., biomass boiler
Cg, absorption chiller C,., electric chiller Cg., electricity storage Cgg, heating storage Cys and
cooling storage C.s should be determined to minimize biomass consumption. Meanwhile, the design
capacity of heat recovery system Cyg and heat exchanger Cyx are determined by the design capacity
of power generation unit Cpgy .. TO save computational time while represent the year-round
performance, the winter week with the highest heating load and the summer week with the highest
cooling load is chosen as the objective function. Due to the relatively higher solar radiation, the
electrical power production from BIPV and PVT is higher in summer than that in winter. Therefore,
Crguer Cp+ Ces, Cys, Cyr and Cyx are determined to minimize the biomass consumption of the
chosen winter week, while C4, Cgc and C.s are determined to minimize the biomass consumption of

the chosen summer week.
3.1.2 Optimization objective function

In winter, biomass is consumed by both the PGU and boiler to generate electrical and heating energy:
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. j=24X7
Min My, inter = Xjey  (Mppeu,j +Mpp,j) 1)

In summer, owing to the lower heating demand, boiler is turned off. Therefore, biomass is only

consumed by the PGU, and

. j=24X7
minmp symmer = Zj’:l (mb,PGU,j) (2)

3.1.3 Optimization constraints

The optimization constraints of Cpsy e, C, Cac, Cgc are set that they do not exceed the maximum
electricity, heating and cooling energy demand, respectively. The upper bound of capacity of each

energy device is set to avoid over-sizing and profligacy of resources.

0 < Cpgy,e < maxDep 3)
0 < Cp <maxDy (@)
0 < Cyc <maxD, %)
0 < Cgc < max D, (6)

Meanwhile, Cgs, Cys and Cqs are set that they are less than half-day electricity, heating and cooling

energy produced by PGU, biomass boiler, absorption chiller and electric chiller, respectively.

0 < CES < 12 CPGU,e (7)
0 < Cus < 12(Cpgy,n +C5) 8)
0 < Cos < 12(Cac + Crc) ©)

3.2 Second-stage optimization

Based on the optimal design capacity of energy devices determined from the first-stage optimization
at each iteration, the objective of the second-stage optimization is to determine the operating capacity
of energy devices in the MES to minimize its biomass consumption. It is expected that the electricity
storage, the heating storage and the cooling storage can be fully utilized to shift the peak energy

demands to off-peak periods.

3.2.1 Design variables

For winter period, the operating capacity of PGU Qpgy e, heat exchanger Qpx, biomass boiler Qp,
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charging rate of HS 7, s, discharging rate of HS 4.y, ys, charging rate of ES 1, gs, discharging rate
of ES 74.p gs are selected as the optimization variables at the second-stage optimization; For summer
period, operating capacity of PGU Qpgy ., heat exchanger Qyx, absorption chiller Q4¢, electric
chiller Qgc, charging rate of ES 7.y, gs, discharging rate of ES 74y, g5, charging rate of CS ¢y, ¢s and

discharging rate of CS 7. ¢cs are chosen as optimization variables.
3.2.2  Objective function

The objective of the second-stage optimization is to minimize the weekly biomass consumption as set

in Equations (1-2).

3.2.3  Optimization constraints

The optimization constraints include the balance between building energy demand and MES energy
supply, as well as the operating constraints of the associated energy devices. Cooling, heating and
electrical aspects of energy balance between the supply side (i.e. MES) and the demand side (i.e.

commercial building) are summarized as follows:

D¢ +71enes < Qac + Qec + Tachcs (10)
Dp + 1enus < Qg + Qux + Qpyrn + Tachus (11)
D + Qpgu,ecoc T Tenes < Qpgue + OQpipv + Qpvre + Tach ks (12)

Dnp in winter
Dy = { ' ; (13)
Dpp + Qur ac ~insummer
D, p in winter
D, = { ' : (14)
D.p + Qpgu gc  In summer

The operating constraints of the energy devices are set follows: The operating capacity of the power
generation unit, absorption chiller, electric chiller and biomass boiler should not surpass the
corresponding design capacities determined at the first-stage optimization; energy stored in electricity

and cold storage could not outstrip the respective design capacities:

0 < Qpsue < Cpou,e (15)
0 < Qpgu_nr < Cur (16)
0 < Qux = Cux (17)
0<Qac =Cy (18)

0 < Qg¢ = Cg¢ (19)
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Egpg < Cgs (20)
Ens < Cys (21
Ecs < Ces (22)

4. Results and discussion

In order to evaluate the performance of the proposed two-stage optimization approach, the
performance of GA optimization is evaluated first. After that, the optimization results of design
capacity and operating capacity are discussed to illustrate the performance of the proposed approach.

Finally, the determined biomass consumption rate around the whole year is illustrated.

4.1 Performance evaluation of GA optimization

To prevent the optimization from being converged to local optimum, five different population size,
five retain probabilities, four selection probabilities and four mutate probabilities are adopted in the
two stages of optimization using the representative winter day. The optimization results are shown in
Fig. 11. For each variable bar, the average value of other variables is obtained. For example, when
calculating the bar value of population size = 20, the average value of 5 x 4 x 4 optimization results is
adopted. Considering the computational time, the population size is set at 60 and 80 for first-stage and
second-stage optimization, respectively. The retain probability, selection probability and mutation
probability are chosen as 80%, 20%, and 20% for first-stage optimization, while 70%, 30% and 30%

for second-stage optimization.

The two-stage capacity optimization approach is written in Python using the libraries of TensorFlow
and Keras. The optimization program is running on the MacBook Pro with the processor of 2.9 GHz
Intel Core 9. As summarized in Table 6, there are 60x80=4800 runs of GA optimization for the whole

two stages, and it takes about 12 hours.

Table 6. Parameters for GA optimization.

Optimization variables | Generations | Population size
Winter Summer
First-stage 4 3 60 60
Second-stage 7x168 8x168 1000 80

The convergence performance of the chosen winter day and summer day is shown in Fig. 12. For the
chosen winter day, the minimum weekly biomass consumption (2031 kg/week) is obtained after 37
and 692 iterations for the first-stage and second-stage optimization, respectively; For the chosen

summer day, the optimal value of biomass consumption (257 kg/week) is obtained after 50 and 706
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iterations for the first-stage and second-stage optimization, respectively.

0.4
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0.1
0.4
5 lect 03
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bt 0.1
g 0.9
= 0.8
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< 0.6
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100
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40
20
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Fig. 11. Optimization results at different GA parameters.
2500
2400 A
23004
2
=
E 22004
\
21004 "-\
2000 T T T
0 10 20 30 40 50 60

Iteration



Journal Pre-proof

(a) First-stage optimization for winter day
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Fig. 12. Iteration performance of GA optimization.
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4.2 Optimization results of design capacities of energy devices

To evaluate the performance of the proposed two-stage optimization approach, two reference cases

were adopted as a comparison.

e To investigate the effectiveness of the operating capacity optimization at the second-stage, in the
first reference case, following electricity load method is adopted in determining the operating
capacity of each energy device in the first reference case, while GA optimization is adopted at
first-stage for determining the optimal design capacity of energy devices: In winter, the operating
capacity of PGU is determined according to the building electricity demand, while the boiler is
operated when the thermal energy from PGU and PVT is not sufficient. In summer, the operating
capacity of PGU is determined according to the building electricity demand, while the thermal
energy recovered from PGU is firstly adopted for heating demand. The absorption chiller is
driven by the thermal energy recovered from PGU and boiler. However, due to the limited
capability of following electricity load method, electric chiller and energy storages are not
adopted.

e To investigate the effectiveness of adopting the variable efficiency for PGU, absorption chiller
and electric chiller, the proposed two-stage optimization approach is adopted in the second
reference case while the efficiency of PGU, COP of absorption chiller and electric chiller is kept
constant at 0.30, 0.78 and 6.5, respectively.

Through the proposed two-stage capacity optimization approach, the optimal design capacities of
power generation unit Cpgy ., biomass boiler Cp, absorption chiller Cyc, electric chiller Cgc,
electricity storage Crs, heating storage Cys and cold storage C.s can be determined. The optimization
results are summarised in Table 7, along with the results from two reference caces. As discussed in
Section 2.2, the peak heating, cooling and electricity demand is 464594, 306824 and 135190 kl/h,
respectively. Therefore, the optimization results from two-stage optimization approach indicate that
the electrical energy from PGU is responsible for most of the peak electricity demand; biomass boiler
is adopted for 86% of the peak heating demand; while absorption chiller and electric chiller takes up
74% and 27% of the peak cooling demand, respectively.

For both reference cases, the optimal design capacity of PGU, heat recovery unit and heat exchanger
is the same as the two-stage optimization approach. For the first reference case, the design capacity of
absorption chiller is kept the same as the peak cooling demand to guarantee the sufficient cooling
energy supply. However, the design capacity of biomass boiler is a little smaller than that from the

proposed two-stage optimization approach. For the second reference case, due to the assumed
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constant efficiency of each energy device, the design capacities of biomass boiler, absorption chiller,

electric chiller, electricity storage, heat storage and cold storage are oversized.

Table 7. Optimization results of design capacity of energy devices

Design capacity of energy devices
(kJ/h) (kJ)
CPGU,e CHR CHX CB CAC CEC CES CHS CCS
Proposed approach | 135190 | 96891 | 77513 | 399940 | 227276 | 82259 | 911013 | 1020717 | 770000
Reference 1 135190 | 96891 | 77513 | 391090 | 306824
Rereferenc 2 135190 | 96891 | 77513 | 494931 | 261010 | 82750 | 939512 | 1615826 | 831574

4.3 Optimization results of operating capacity of energy devices

After determining the optimal design capacity of energy devices through the proposed two-stage
optimization approach, the year-round optimal operating capacity of each energy device is further
determined using the second-stage optimization. The operating capacity of each energy device, along
with the corresponding heating, cooling and electrical energy demand from one week in each month

are summarized in Fig. 13.

From January to April and from October to the end of the year, basic heating energy demand refers to

the thermal energy needed for both space heating and hot drinking water. During this period, PVT is

used supply heating demand whenever there is enough solar radiation. Exhaust heat from PGU is also

recovered through heat recovery system to provide thermal energy. However, the amount of recovered

thermal energy depends on the part-load ratio of the PGU. If it is still not sufficient, biomass boiler

would be operated to supplement the heating demand. Heat storage is also scheduled to charge when

there is exceed heating supply while discharge when the thermal energy from PVT, PGU and biomass

boiler is not sufficient.

= In January, February and December, the basic heating energy demand is relatively high while
thermal energy production from PVT is relatively low, the biomass boiler is adopted to provide
the large fraction of heating energy demand.

= In March and November, the basic heating energy demand is lower while the energy production
from PVT is higher than that in January, February and December, the thermal energy supply from
PVT, PGU and biomass boiler occupy similar fraction.

= In April and October, the basic heating energy demand is quite low, while the thermal energy from
PVT and PGU is sufficient for heating energy supply. Therefore, biomass boiler is turned off

while the extra thermal energy can be stored in the heat storage.

From May towards the end of September, basic heating energy is only needed for hot drinking water,

which is much lower than that in other months. On the other hand, thermal energy recovered from
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PVT is relatively high owing to the high solar radiation. As a result, thermal energy recovered from
PVT is sufficient to supply the building basic heating energy demand. Meanwhile, the excessive
thermal energy from PVT and PGU can be recovered to drive the absorption chiller for cooling
purpose. Owing to the high solar radiation, thermal energy from PVT is much larger than that from

PGU.

From January to April and from October to the end of the year, basic electrical energy demand refers

to the building electricity for lighting and office equipment. The BIPV, PVT, PGU and electricity

storage can be coordinated to satisfy the building electricity demand at any time of the period. When

there is not sufficient daylight, artificial lighting is adopted, thus resulted in higher building electricity

demand.

= In January, February, March, October, November and December, the electrical energy demand is
relatively high while electricity energy production from BIPV and PVT is low. Therefore, the
PGU is adopted to provide a large fraction of electrical energy demand.

* In April, the electrical energy production from BIPV and PVT is higher owing to the higher solar

radiation. The BIPV, PVT and PGU share a similar amount of electrical energy production.

From May towards the end of September, the electrical energy includes the basic building electricity
demand and the electricity consumption of the electric chiller. The BIPV, PVT and PGU share a
similar amount of electrical energy production owing to the high solar radiation during this period. To
keep the PGU working at the high part-load ratio, ES is charged when there is sufficient electricity
supply. Meanwhile, ES is scheduled to be discharged during the night when the electricity demand is

quite low and some of the daytime when necessary.

From May towards the end of September, cooling energy demand is needed due to high outdoor air
dry-bulb temperature and solar radiation. It is seen from Fig. 13 that various cooling supply
equipment units could work together to satisfy the cooling demand at any time on each day. Due to
the large amount of thermal energy recovered from PVT and PGU, absorption chiller is scheduled to
operate first. The electric chiller is scheduled to operate when there is sufficient electricity supply.
Cooling storage would be charged when there is excessive cooling supply from absorption chiller

while discharged to handle the cooling demand when necessary.
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4.4 Performance evaluation of the biomass consumption

The above-mentioned performance evaluation demonstrates that the proposed two-stage optimization
approach can realize the effective and efficient design capacity optimization of the comprehensive
MES. To further investigate the effectiveness of the proposed two-stage optimization approach, the
biomass consumption from PGU and boiler is also assessed, as shown in Fig. 14. It is seen that the
overall consumption of biomass by PGU is higher from January to April, as well as from August to
December, while lower in other periods of the year. Because solar radiation is relatively higher from
May to July, the higher electricity can be produced from BIPV and PVT thus PGU can be operated at

a lower part-load ratio.

35

Jan. Feb. Mar. Apr. May. Jun. July Aug. Sept. Oct. Nov. Dec.
Month

(@) PGU

35

30

Mp, B

"l.l Il |

Jan. Feb. Mar. Apr. May. juln. Jully Atjg. Selpt. Otl:t. Nov. Dec.
Month

(b) Boiler
Fig. 14. Year-round biomass consumption

Meanwhile, the biomass consumption of boiler is higher from January to middle March, while lower
during November and December. The heating demand is the highest in January and December. In
November, the excessive thermal energy from the PGU can be stored in heat storage while being

discharged to supplement the heating demand in December. From middle May to late October, the
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biomass boiler is scheduled to turn off owing to the low basic heating demand as discussed in Section

4.3.

The year-round biomass consumption resulted from the proposed two-stage optimization approach,
reference case 1 and reference case 2 is 41977 kg, 48782 kg and 44960 kg, respectively. Therefore,
the adoption of GA optimization in both first-stage (design) and second-stage (optimization) would
result in 13.95% reduction of annual biomass consumption. The adoption of variable efficiency of key

energy devices would lead to 6.63% reduction of year-round biomass consumption.
5. Conclusion

In this study, a two-stage capacity optimization approach is proposed for the comprehensive multi-
energy system. The MES is driven by renewable energy while adopted to supply heating, cooling and
electrical energy for a representative office. In the MES, solar energy is adopted in both BIPV and
PVT for electricity production, in which the latter can generate thermal energy simultaneously.
Biomass is delivered to gasification based PGU for electricity production. Meanwhile, both the
exhaust heat from the PGU and the thermal energy from PVT can be recovered for heating purpose
through the heat exchanger and cooling purpose through the absorption chiller. In addition, biomass is
also delivered to boiler when the heating energy is not sufficient. When the cooling energy is not
enough, the electricity generated by the PGU can be further utilized in electric chiller for cooling
purpose. In addition, heat storage, cold storage and electricity storage are also adopted for different
load shifting purposes.

The aim of the proposed optimization approach is to determine the optimal design capacity of each

energy device involved in the MES. The biomass consumption during the winter week with the

highest heating demand and during the summer week with the lowest cooling demand is chosen as the

objective function in both the first-stage and second-stage optimization. The uniqueness of the

proposed two-stage capacity optimization approach is summarized as below:

= The effectiveness of the proposed two-stage optimization approach is tested on a comprehensive
MES, which consists of various energy devices, such as BIPV, PVT, biomass gasification based
PGU, absorption chiller, electric chiller, heat exchanger, heat storage, cold storage and electricity
storage.

= Since the optimal design capacity of each energy device is depended on its operating schedule,
the optimal design capacity and operating capacity of the energy devices are obtained by
performing two interrelated processes of optimization. The resulted optimal design capacity from
the first-stage optimization is used as operational constraints in the second-stage optimization,

while the resulted optimal operating capacity from the second-stage is adopted in determining the
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objective function in the first-stage optimization. It is found that there is 13.95% reduction of the
year-round biomass consumption compared to the design capacity optimization using
conventional following electricity load strategy at the second-stage optimization.

= The variable efficiency of biomass gasification based PGU, absorption chiller and electric chiller
at different loading and weather conditions is adopted to represent its practical performance. It is
identified that there is 6.63% reduction of the annual biomass consumption compared to that with
representative constant efficiency.

= To prevent the GA optimization from being converged to local optimum, the GA parameters,
including population size, retain percentage, crossover percentage and mutation percentage are
selected through enumeration method. The population size, retain probability, selection
probability and mutation probability are chosen as 60, 80%, 20%, and 20% for the first-stage
design capacity optimization, while 80, 70%, 30% and 30% for the second-stage operating

capacity optimization.

In this study, the validated TRNSYS building thermal model is adopted to evaluate the heating,
cooling and electrical energy demand of the representative office building. Meanwhile, the validated
thermodynamic model of energy devices is adopted to simulate the performance of the MES. In
practical application, the historical energy consumption and the operating performance of the existing
building should be investigated to estimate its actual heating, cooling and electrical energy demand.
Moreover, the actual operating data of the energy devices at different operating and weather
conditions should be collected to calibrate the thermodynamic model. Based on the accurate thermal
model of building and thermodynamic model of multiple energy devices, the proposed two-stage
design capacity optimization approach can be used as an effective tool in building energy system

retrofitting.

There are several directions for further refining the proposed two-stage capacity optimization

approach:

= The effectiveness of the proposed two-stage capacity optimization approach should be tested on
different types of buildings, such as the residential, hotel, restaurant and hospital buildings. Due
to the different functions of the buildings, the characteristics of the heating, cooling and electrical
energy demand would be different.

= To further guarantee the global optimal solution is identified by the GA optimization, other
evolutionary optimization algorithms, including particle swarm optimization, ant colony
optimization and artificial bee colony optimization, should be tested to see whether better optimal
results can be identified.

= Biomass consumption is adopted as the single optimization function in the proposed two-stage

capacity optimization approach. The energetic, economic and environmental life cycle
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performance of the MES should also be investigated. Therefore, the proposed two-stage capacity

optimization approach should be expanded to involve the multi-objective optimization.
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Nomenclature

C design capacity

COoP coefficient of performance

E energy

LHV lower heating value

m consumption rate of biomass feedstock
PLR part-load ratio

Q operating capacity

r charging/discharging rate

® solar radiation

n efficiency

Subscripts

AC absorption chiller
b biomass

B biomass boiler

BG  biomass gasification
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c cooling

ch charging

CsS cold storage

dch  discharging

e electrical

EC electric chiller

ES electricity storage
ex exhaust

h heating

HR heat recovery system
HS heat storage

HX  heat exchanger

j time step

MES multi-energy system

PGU power generation unit

PV building integrated photovaltic
PVT photovoltaic and thermal panel

rec recovery
Abbreviations

AC  absorption chiller

BIPV building integrated photovoltaic
EC electric chiller

HX  heat exchanger

ICE internal combustion engine

MES multi-energy system

PGU power generation unit

PVT photovoltaic thermal hybrid solar collector
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Two-stage optimization approach

First-stage: Design capacity optimization

Optimization variables Objective function Constraints

Design capacity of energy devices

Weekly biomass consumption Energy demands limit
PGU ~HR ~HX CAC CEC B CES CHSCCS

during the coldest winter
week m, - and the hottest

summer week m

b, summer

Optimal design capacity of energy devices J IOptimal operating capacity of energy devices

Second-stage: Operating capacity optimization

Optimization variables

Objective function Constraints
Operating capacity of energy devices Weekly biomass Energy balances limit
pove Oim Orx Quc Oue Op 7 i ionss consumption m, Operational constraints
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Two-stage optimization approach



