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Hydrogen energy technologies have attracted substantial attention due to carbon-free and environmental
friendly. However, not much attention is paid to the application of hydrogen in tri- and polygeneration system.
Hence, a renewable-based multi-energy system (RMES) is proposed to combine four separate systems:
cooling, heating, hydrogen, and power. Renewable solar energy is supplied to the system utilising a photovoltaic
solar panel for the electrical supply and a solar thermal collector for the heating supply. Thermal and electrical
energy storage is utilised to mitigate the fluctuations in the energy consumption and peak shaving characteristics
of the multi-energy system. The hydrogen sub-system consists of solid oxide fuel cell, solid oxide electrolyser
cell and hydrogen energy storage. A comparative analysis is performed to study the effect of different energy
storage on each objective function. A multi-objective optimisation approach was proposed to evaluate trade-offs
between two different objective functions: economic and environment. A well-known decision-making approach
€-constraint method has been applied to identify the final desired Pareto optimal solution for the model to be
more suitable in reality. This result will contribute to the global goal on energy (SDG 7) to strive towards
affordable and clean energy to significantly increase the share of renewable energy in the global energy mix.

1. Introduction

As a result of rising living standards and rapid urbanisation, energy demand is growing worldwide rapidly. The
global warming and carbon emissions issue is becoming more crucial nowadays due to the rising energy
demand. Optimal cooling, heating, and power energy systems play a crucial role in the regional multi-energy
planning for ultimately reducing energy consumption to fulfil the regional energy demand. For instance, Javan
et al. (2016) performed a feasibility study on introducing waste heat of Internal Combustion Engine (ICE) to
combined cooling, heating and power system (CCHP) for residential buildings. The article had done multi-
objective optimisation on the working fluid selection for low-grade waste heat recovery. Abbasi et al. (2018)
used ICE and Gas Turbine (GT) as the dual prime mover in the CCHP system and evaluated energy, exergy,
and economic aspects. Yong et al. (2020) proposed a CCHP integration methodology to optimise the heating,
cooling and power energy system of an industrial park and urban area.

The shift towards renewable energy technologies and the production of energy-efficient infrastructure are also
two main factors in ensuring a stable and sustainable energy sector and mitigating global warming. At the same
time, renewable energy sources such as solar, biomass, wind, and geothermal energy, famous for
inexhaustibility and cleanliness, are increasingly required for future energy consumption. Mohammadkhani et
al. (2018) presented solar-based CCHPs for the energy scheduling of the microgrid with energy storage. The
integrated energy system for biomass-based polygeneration that providing electricity, heating, cooling and
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chemical supply has been proposed and evaluated by Wu et al. (2020). Guo et al. (2020) established a
comprehensive wind power accommodation trading model, including a CCHP-based microgrid.

Hydrogen is an environmentally safe and reliable fuel since its final combustion product is water and therefore
does not create any emissions and has a high energy yield. The advantage of using hydrogen as a fuel is the
inspiration of many researchers to develop various methodologies to utilise hydrogen properly. Chen et al.
(2020) introduced an RMES based on proton exchange membrane fuel cell (PEMFC) and solar energy. Nojavan
et al. (2020) integrated hydrogen energy storage (HES) with the power-to-hydrogen and hydrogen-to-power
modes in a trigeneration system. An optimal planning model for a solar-assisted solid oxide fuel cell (SOFC)
distributed energy system (DES) was designed by Jing et al. (2018) in their study. This work introduced an
interactive framework for planning a DES addressing multi-objective optimisation and multi-criteria assessment
considerations simultaneously.

This research aims to optimise an RMES integrated with hydrogen energy in low carbon community and
industrial parks for minimising environmental impact and maximising economic impact. Therefore, mathematical
modelling is proposed by formulates a comprehensive MINLP modelling framework to optimise the technologies
(renewable energy and hydrogen), design capacity, and hourly operation strategy of the multi-energy system.
A comparative analysis is performed to study the effect of different energy storage on the system.

2. Methodology
2.1 Superstructure

A multi-objective mixed-integer nonlinear programming (MINLP) model was developed, based on the
superstructure, as shown in Figure 1, in this study.
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Figure 1: General superstructure of the mathematical model

Cooling

e

The RMES is assumed to have its hydrogen, heating and cooling network and a local micro-electrical network
that can interact with the coal power plant. The devices include PV panel, thermal collector (TC), wind turbine
(WT), SOFC, solid oxide electrolyser cell (SOEC), GT, electrical energy storage (EES), thermal energy storage
(TES), HES, electric chiller (EC), air source heat pump (ASHP), absorption chiller (ABC), gas boiler and organic
Rankine cycle (ORC). Renewable energy is supplied to the system using PV solar panel and WT for the
electrical supply and a solar TC for the heating supply. TES and EES are utilised to mitigate the fluctuations in
the energy consumption and peak shaving characteristics of the MES.

SOFC is implemented as the representative fuel cell compared to other fuel cells, particularly high-temperature
polymer electrolyte fuel cell. SOFC has the best available waste heat recovery that makes it better for the RMES.
The waste heat generated from SOFC is recovery at GT to produce electric and heating load. The SOEC unit
used electrical power to separate the water molecules into H2 and Oz, and then the hydrogen produced is
supplied to the hydrogen demand or placed in the HES. The function of HES is to supply hydrogen to hydrogen
demand and SOFC as a backup supply. Since the demand for electricity, heating, and cooling cannot be met
simultaneously only by the prime movers, the natural gas boiler is installed to meet the insufficient demand for
heating. At the same time, the EC and ABC fulfil the cooling demand shortage. When there is a shortage, an
ASHP is activated to deliver either hot or cold supply to the system. An MINLP model has been designed to
solve the optimal design and dispatch problem. Several specific constraints are being introduced and clarified
as follows to enable the model more practical.
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2.1 MINLP Model Development

The utilisation of renewable energy sources varies at different times of the day, so proper energy storage
systems are needed to mitigate the fluctuations in energy consumption. In this study, three different energy
storage systems are used which consists of TES, HES and EES

0< Pj,ch,t = Pj{?}ﬁ/ﬂj,ch X Ij,ch,t (1)

0 < Piacht < Plache X Mjach X L acne (2)

Licnte + lacne <1 (3)

QMM < Q. < QM (4)

Qe = Qje-1+ (Picne X Mjcn) = Piacne/Mjacn ¥Vt = 1 (5)
24 24

Nj.ch Picne = P ache/Njacn (6)
t=1 t=1

where j is the type of energy storage; P; . and P; 4¢p¢ are the charging and discharging of storage in each
interval t; Q; is the storage energy contents at time t; n;c, and n; 4., are the efficiency of charging and
discharging to/from the energy storage; I; .- and ; 4.1, State the binary variables for energy input and output
states of the storage system.

All three energy storage are structured according to the following constraints. Eqs(1-2) ensure the
charging/discharging energy to/from the energy storage in each time interval t does not exceed a
minimum/maximum value. EQq(3) using binary variables to prevents charging/discharging energy
simultaneously. The maximum and minimum limitations of storage energy contents are formulated as Eq(4).
The stored energy at time slot t = 1 is given by Eq(5). Eq(6) ensures equal charging/discharging of energy in
the scheduling horizon.

In this study, two objectives of minimising annual total cost (ATC) and annual carbon emissions (ACE) have
been considered from economic and environmental perspectives. Meanwhile, the trade-off between them has
been analysed by multi-objective optimisations.

The ATC is defined as the economic objective, Eq.(7), which consists of five parts: (1) the capital cost of each
installed equipment, C.¢, (2) the maintenance cost of each equipment, Cyy, (3) the cost to purchase electricity
from the power plant, g, (4) the fuel cost from a gas boiler, Cy, (5) the carbon tax implement on emission,
Cer-

Min (ATC) = C¢e + Com + Cng + Cgrg + Cor (7)
Ccc = CRF x ZithAP,-,t x cEAP (8)
Con = ZiZtN” x cMAINT )
CeLe = ztEele,t X Cele (10)
Cne = ZtQNG,t X CNG (11)
Cer = ACE X cp (12)
CRF=rx(1+nr)"/1+r)" -1 (13)

where CRF is the capital recovery factor (Bracco et al. 2013), r is the interest rate, n is the project life (y), i is
the number of components, t is time in hours, CAP;, is the maximum capacity that the components used in 1
h/d, cf4F is capital cost of each component i, N;, is the total usage of each supply technologies, ¢4V is the

maintenance cost of each component i, E,. , is the electricity usage generate from coal power plant, c,,, is the
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electricity cost that purchase from coal power plant , Qyg ¢ is the natural gas usage for the gas boiler, cy; is the
natural gas cost, cqr is carbon tax.

The annual carbon emissions (ACE), Eq.(14), which measures the emissions from fuel consumed and the
electricity purchased from a coal power plant, are selected as the environmental objective.

Min (ACE) = ZtEele,t X Eere T ZtQNG,t X &ng (14)

Where ey and g, represent the CO2 emissions per unit consumption of natural gas and the electricity import
from coal power plant.

3. Results and Discussions
3.1 Scenario Analysis

The scenario analysis explored the optimal solution with both individual objective functions for all the scenario
listed. Four scenarios are analysed for comparison, as listed below:

(1) Baseline scenario, wherein all technologies are allowed to be invested.

(2) Scenario with TES as the only energy storage system

(3) Scenario with EES as the only energy storage system

(4) Scenario with HES as the only energy storage system
Table 1 shows the best results when the total cost and emission objectives are optimised individually. As seen,
Scenario 1 offers the lowest cost and pollution due to it provides the flexibility for the system to utilised different
energy storage at the appropriate time. It can be concluded that Scenario 2 operational strategy imposes higher
emissions than case 1 due to the higher purchasing of electric power with the primary grid. On the other hand,
the Scenario 3 operational strategy results in the most significant emission levels due to high rates of heat
energy supplied by the gas boiler. Scenario 2 and 3 had a higher annual total cost by implementing a carbon
tax to the system than Scenario 1. However, Scenario 4 uses a different strategy than Scenario 2 and 3, which
reduces the dependency of the electric power on the primary grid and increases SOEC & SOFC. Hence, in
comparison with Scenario 1, Scenario 4 had slightly higher hydrogen production and consumption but lower
hydrogen energy stored in HES. The high usage of SOEC and SOFC will increase the system's capital cost and
cause higher ATC than Scenario 1.

Table 1: Single-objective optimisation results of minimising ATC and ACE for all scenarios

Scenario 1 (EES+TES+HES) Scenario 2 (EES) Scenario 3 (TES) Scenario 4 (HES)
ATC ($/y) 1,167,742 1,309,384 1,311,824 1,187,020
ACE (kgCO2-eqly) 144.67 521.26 645.88 177.64

For a closer look, the amount of stored energy of EES, TES and HES in each hour for scenarios 2, 3 and 4 with
minimising ATC is depicted in Figure 2. In scenario 2, EES are charged at off-peak hours (when energy is
cheaper) and discharged during periods of supply shortage. The EES is charged during off-peak hours between
0:00 and 4:00 and discharged between 4:00 and 8:00 when the system has a high hydrogen demand but no
solar irradiation to operate the PV panel. Hydrogen demand may affect the electrical network since water
electrolysis is only a hydrogen production method. In scenario 3, TES charged between 14:00 and 15:00 when
solar thermal collector supplies and discharged at 18:00 to 20:00 with the absence of solar irradiation. For HES
in scenario 4, it charged at hours 11:00 to 16:00 as the SOEC mainly utilised the electricity production from the
PV panel and discharged at high hydrogen demand hours, which are 17:00 to 20:00.
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Figure 2: Stored energy of EES, TES and HES in each hour for scenarios 2, 3 and 4 with minimising ATC.
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3.2 Multi-objective optimisation

The multi-objective optimisation problem is solved to minimise both the ATC and ACE simultaneously. Scenario
1 with three different energy storage systems was used for this multi-objective optimisation. Figure 3 illustrates
a summary of the set of Pareto optimal front that obtained after 500 generations. The €-constraint method used
in this paper provides the optimal Pareto front and trades-off the two independent optimisation objectives. A
total of 11 non-dominated Pareto optimal solutions were selected. The solutions represent the equally good
alternatives with different trade-offs spreading from minimum ATC to the minimum ACE. All the Pareto optimal
solutions satisfy the constraints and targets, as indicated in Eqs(7-14).
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Figure 3: Pareto optimal set with multi-objective optimisation with EES, TES and HES.

It is also interesting to note that the Pareto optimality changes are not consistent across the Pareto frontier. The
cost gap of each Pareto optimal solution significantly increases when the Pareto optimal solutions transit from
the least cost solution (15t Pareto optimal solution) to the least carbon emissions solution (11t Pareto optimal
solution). Therefore, the result demonstrates little change for the ACE when shifting from the 4" Pareto optimal
solution to the 11" Pareto optimal solution with only a reduction of 6.23 % of carbon emissions. However, there
is an 11.01 % increment of the total cost.
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Figure 4: Charging rate for all energy storage systems at point 1 of the Pareto optimal front (least cost solution)

Point 1 with the least cost solution was taken as an example to find out the activities of each energy storage in
the RMES. Figure 4 shows the charging and discharging activities for each energy storage system at the Pareto
optimal point 1. HES has the most frequent charging and discharging activity as it discharges when the hydrogen
demands reach their peak level and charge in off-peak hours. As seen, the activities of EES and TES are not
as frequent as HES due to the energy generation units can fulfil the demand most of the time except during
night time (19:00 and 20:00). This is due to the solar devices unable to generate enough supply to the system.

4. Conclusions

In the present paper, we successfully developed a mathematical modelling model using MINLP to size the
components of an RMES. The multi-objective optimisation method is used to define the operation strategy,
which aims to minimise the total cost and carbon emission through an MINLP algorithm. The multi-objective
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problem is formulated as an MINLP optimisation problem implemented in GAMS and solved by DICOPT. Four
different operation scenarios are compared, which show the importance of introducing different energy storage
systems and hydrogen sub-systems to the RMES. Then, the €-constrains approach is used as the decision-
making method to determine the non-dominated solution among all the generations. A Pareto optimal front is
generated, and each of the points represented the best-operating conditions for the system among the objective
functions. In this research, only the €-constrains approach is used as the decision-making method for the muilti-
objective optimisation. Thus, in the future, multi-criteria methods such as TOPSIS, weighing method, fuzzy
uncertainty method, and more can be introduced simultaneously to obtain more accurate multi-objective
optimisation results. Also, the system can be extended to form a hydrogen circular economy hub in the future
that involves more clean hydrogen production methods and a unique energy generation system.
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