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To achieve carbon neutrality in the future, the penetration of renewables requires further improvement with the
help of energy storage technology. Green hydrogen and green ammonia have been recognized as the optimal
candidate for grid-scale energy storage. Except for water electrolysis, biomass chemical looping technology is
another clean hydrogen production method with a cross-sector decarbonization feature. As a result, it starts to
attract more concerns. In this study, a novel integrated renewable multi-generation system based on chemical
looping technology has been proposed. The technical and economic performance is evaluated after optimal
planning. Hydrogen and ammonia are served as energy carriers in two scenarios. The results show that the
proposed system is profitable, and the ammonia-based scenario is superior to the hydrogen-based scenario.
The cumulative cash position and payback period of the hydrogen-based scenario are 210 MUSD and 12y,
compared to 853 MUSD and 6 y in the ammonia-based scenario.

1. Introduction

When facing global energy issues, e.g., global warming, fossil fuel depletion, and energy security, a green
transition of the energy system has been proposed by many countries. To achieve carbon neutrality in the next
few decades, inevitably, increasing the penetration of renewables is a significant pathway. However, the
intermittent feature of renewables makes it hard to be integrated into the power grid, so energy storage
technology has been widely investigated to provide flexibility to the system with high penetration of renewables,
even a 100% renewable system. Not all energy storage technologies are suitable for the grid-scale application.
Hydrogen storage that uses renewable-driven water electrolysis or other clean production methods to store
excess electricity is an important candidate. It characterizes high energy density, large storage capacity, and
low self-discharge rate (Aneke and Wang, 2016), contributing to large-scale energy storage. It attracts a lot of
concerns in terms of green hydrogen production, storage, and utilization. Except for water electrolysis, biomass
chemical looping techonology is another carbon-free hydrogen production method with high conversion
efficiency and low energy consumption (Fernandez and Abanades, 2016). It has a cross-sector decarbonization
feature that, unlike traditional steam reforming, avoids using fossil fuels and gathers the carbon in the biomass.
If it is powered by renewables, it will be beneficial for reducing carbon emissions in energy (increasing the
penetration of renewables), industrial (replacing fossil fuel), and agriculture (clean treatment of biomass)
sectors.

The low volumetric density and high hydrogen flammability restrict the utilzation of hydrogen storage,
considering the cost and safety. Thus, researchers have proposed ammonia to substitute hydrogen because it
has high energy density, high hydrogen content, and is a carbon-free fuel compared to other renewable
synthesis fuels like methane. Besides, it also has multi-application in fertilizer, refrigerant, synthetic fiber, etc.
(Zhang et al., 2020). To better serve as a carbon-free fuel, researchers have investigated its application in fuel
cells, gas turbines, and internal combustion engines.

More than energy storage mediums, hydrogen and ammonia are supposed to serve as energy carriers. They
are produced when there is excess electricity and consumed for backup power generation when there is an
energy shortage. Based on this idea, many studies have proposed different hydrogen- or ammonia-based
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energy systems. They mainly focus on techno-economic analysis, optimal planning and sizing, and general
system evaluation based on case studies. Less research involves biomass chemical looping technology and
makes a comparison between hydrogen and ammonia as energy carriers in energy systems. To offset this gap,
in this study, a novel integrated renewable multi-generation system based on chemical looping technology has
been proposed. Both hydrogen and ammonia as energy carriers are estimated in two scenarios. The operation
of this system is based on optimal planning across a year. After that, the technical and economic performance
is evaluated and compared. The novelty of this work is that it conceptualized ammonia as an energy carrier in
the renewable multi-generation system based on chemical looping technology. And it makes a comparison of
hydrogen and ammonia as energy carriers in the same scale system.

2. Methodology
2.1 System description

The schematic of the novel integrated renewable multi-generation system is shown in Figure 1. It has two
subsystems. The power system consists of solar PV, wind turbines, fuel cells, and batteries. The last two of
them are served as backup power when there is a lack of electricity. On the contrary, when excess electricity is
available, the hydrogen or ammonia production system starts to convert electricity into hydrogen or ammonia.
Hydrogen and ammonia are used in fuel cells and sold to the market. The pair of hydrogen or ammonia
production systems and fuel cells can be seen as an energy storage method responding to the fluctuant
renewables and demand. Only the main components in the hydrogen and ammonia production systems have
been shown in the figure, including three in series reactors for the chemical looping process, separators for
concentrating resulting gases, heat exchangers for waste heat utilization, and an ammonia synthesis reactor
(ASR). The battery is another energy storage method providing more flexibility to the system. System operation
is controlled by an energy management system (EMS) which schedules the system according to demand profile,
weather forecast, market information, and main objective. The scheduling is based on an optimization problem
that focuses on economic or technical goals.
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Figure 1: Schematic of the integrated renewable multi-generation system

2.2 Models

Before formulating the optimization problem, the operation of the system should be explicitly expressed. It is
assumed that all components in the system work under the ideal condition.
The analytical model of solar PV is used based on reference (Shi et al., 2021):

Ppy = NpvireiApyl[1 + 8(t; - trep)] (1)

.= 26.6ts + 1101 - Nres(1 - Otrer)]
¢ 26.6 + ONrer!

)

where Ppy is the output power of solar PV, [kW]; Npy is the number of solar cells, [-]; nrer is the conversion
efficiency of solar cells at a reference temperature, [-]; Apy is the area of a single solar cell, [m?]; | is solar
irradiance, [kW - m?]; & is temperature coefficient, [%-°C]; ¢, is cell temperature, [°C]; t. is reference
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temperature, [°C]; t, is ambient temperature [°C]; 7a is an optical parameter, [-]. The piece-wise power curve of
a wind turbine is shown (Lydia et al., 2014):

Pwt = 0.5NwTPAWTCpV? (3)
B
_(n
V= Vg(hg> ()

where Py is the output power of wind turbines, [kW]; Ny is the number of wind turbines, [-]; o is the air density,
[kg-m3]; Awr is the swept area of a single wind turbine, [m3]; C, is power coefficient, [-]; v is wind speed,
[m-s"]; vy is measured wind speed near the ground, [m-s™]; h is the height of rotor, [m]; hq is the height of
measurement, [m]; B is wind shear exponent, [-].

As for the hydrogen and ammonia production systems, they are simulated in ASPEN Plus V11. The operating
parameters in hydrogen production system are chosen from (Steven et al., 2021) and parameters in ammonia
production system are chosen from (Khademi and Sabbaghi, 2017). In the simulation, standardized hydrogen
and ammonia production systems that have 1 MW input power are achieved and seen as a basic unit. Other
inputs and outputs, like utilities and production rate, are bounded to the input power. It is assumed that the
system works only under 100 % and 0 % loads. So, in the multi-generation system, the operation of hydrogen
and ammonia production systems is represented by the number of available units:

P allocated
P, std

MH,,produced =

i, 5)

where m, produced 1S the produced hydrogen in the multi-generation system, [kg-h""]; Pyjiocateq is the allocated

power to the hydrogen system, [kW]; Pgq is the rated power of a standardized unit, [kW]; th2 is the produced
hydrogen of a standardized unit, [kg-h-']. Other inputs and outputs are evaluated by a similar method. It should
be noted that there is a loss when the allocated power cannot fulfill the operation of an integer number of units.
As for the fuel cell, it uses the same method of evaluating the system inputs and outputs:

P allocated
P, std

IMNH3,consumed ~

+1

i, ®)

where mnH, consumed is the consumed ammonia in the multi-generation system, [kg-h™']; Pajiocated is the allocated

power to the ammonia fuel cells, [kKW]; F"Sw is the rated power of a standardized unit, [kW]; r'nNH3 is the consumed
ammonia of a standardized unit, [kg-h-']. The difference is that the backup power should be larger than the
shortage.

The state of battery is denoted by stored energy and state of charge (SoC) (Aaslid et al., 2020):

P
Et=Et1 + NPo = Epq - — 7
Nd
IAt
= i _— 8
SoC; = SoCt.1 SoCom (8)

where E; is the stored energy at time t, [KWh]; n. is charging efficiency, [-]; P. is charging power, [KW]; ng is
discharging efficiency, [-]; P4 is discharging power, [kW]; SoC; is the state of charge at time t, [Ah]; SoCpax iS
the maximum storage capacity of batteries, [Ah].
The profitability is denoted by the cumulative cash position (CCP) and payback period:
" ((Crov - OPEX- ) x (1- ) + g
CCP = z oY,
(1 + )

- CAPEX )
=1
where n is system lifetime; C,e, is annual revenue; OPEX is operational expenditure (OPEX); t is tax rate; d; is
annual depreciation cost. i is annual interest rate; CAPEX is capital expenditure (CAPEX). The payback period
is the year CCP becomes positive. The profitability is influenced by CAPEX and OPEX:
i

n
CAPEX; = CAPEX, (A_b) (10)
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OPEX = Cgm *+ Cut * Cwt * CoL * Cim (11)

where CAPEX; is the CAPEX of component i; A; is the equipment cost attribute of component i; CAPEXj, is the
CAPEX of a component on the baseline condition in the reference; n is the cost exponent; Cry is the cost of
raw material; Cyt is the cost of utility; Cyy is the cost of waste treatment; Cq is the cost of operating labor; Cjy
is the cost of insurance and maintenance. The references for CAPEX and OPEX estimation are shown in Table
1. The estimation of other components, like compressors, is conducted based on (Turton et al., 2008). The utility
prices like cooling water are taken from (Turton et al., 2008) as well.

Table 1: References for CAPEX and OPEX estimation

Name Value Name Value Name Value
Solar PV 1,340 USD/KW  [|System lifetime 25y Biomass price 60 USD/t
Wind turbine 1,514 USD/kW |Hydrogen price 1,500 USD/t |Catalyst (ASR) 20 USD/kg
Battery 236 USD/kW IAmmonia price 514 USD/t Oxygen carrier (CL) 20 USD/kg
Membrane 10,764 USD/m? |Carbon dioxide price 30 USD/t

2.3 Problem formulation

The optimal planning of the system is described as a mixed-integer linear programming problem where the
objective function is:

maX(Crev,t - OPEXt) (12)

It is expected to maximize the revenue in each time interval. The problem is solved by a commercial solver
Gurobi. The objective function is restricted by energy and mass balance (Equations 13 and 14, respectively).

Py * Pcur = Psolar +Pwind £ Pbattery - Phydrogen * Pryel cell * Pgrid (13)

¢ ¢ ¢ ¢ ¢ ¢
Mi,,sto = Mig,sto T MH,,CL ™ MH,,FC =~ MHaloss = MHa,sold (14)

where Pqy is demand; Pg,, is curtailment; Poattery is charge or discharge power of battery; Ppygrogen is the input
power of hydrogen production; Pre cell i the output power of fuel cells; Pgyiq is import electricity from the grid;
m}-b,sto is the amount of hydrogen stored at time t; thZ,C,_ is the produced hydrogen by chemical looping; mhz,Fc
is the consumed hydrogen by fuel cells; m}_,zyloss is the losses during operation; mhzysmd is the amount of sold
hydrogen. The energy and mass balance of the ammonia-based system is the same.

2.4 Input data

The weather information, including net solar irradiance, wind speed, and ambient temperature, is obtained from
MERRA-2 database (Global Modeling and Assimilation Office (GMAQ), 2015), while the demand profile and
day-ahead electricity price are taken from the Renewable Energy Institute of Japan.

3. Results and discussion

In this study, the novel integrated renewable multi-generation system is evaluated based on optimal planning.
Two energy carriers, hydrogen and ammonia, are compared with respect to technical and economic aspects in
scenarios S1 (hydrogen-based) and S2 (ammonia-based).

3.1 Technical performance

The yearly distribution of the state of charge in scenarios S1 and S2 is shown in Figure 2.
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Figure 2: Yearly distribution of the state of charge in scenarios S1 and S2
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It is clear that they have similar distribution characteristics with an average SoC of 52 % - 53 %. Because with
the same input power selling the produced hydrogen and ammonia is more beneficial than directly selling
electricity, the hydrogen or ammonia storage is prior to battery storage. Only when the excess electricity is larger
than the rated power of the hydrogen or ammonia production system, the battery starts to be charged. And it is
first used when there is an electricity shortage. Thus, the battery is less involved in the operation under the
current configuration.

The monthly distribution of hydrogen and ammonia production is shown in Figure 3. Due to the priority, hydrogen
and ammonia production is fulfilled at first, so the production rates of hydrogen and ammonia each month are
similar, around 5,000 t and 25,000 t. The decreases in August and September are caused by a demand surge,
while the decrease in December is due to the lack of renewables.
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Figure 3: Monthly distribution of net hydrogen (a) and ammonia (b) production

3.2 Economic performance

The breakdown of CAPEX of hydrogen- and ammonia-based systems is shown in Figure 4. The total CAPEX
is 239 MUSD and 317.7 MUSD. They have the same investment in solar (PV), wind (WT), biomass chemical
looping (BCL) hydrogen production, and battery (B), which are 27.43 MUSD, 41.64 MUSD, 119.31 MUSD, and
9.33 MUSD, respectively. The main difference is presented in the extra ammonia synthesis (AS) system, which
causes an extra 99.88 MUSD and the cost of hydrogen storage (24.42 MUSD) is higher than that of ammonia
storage (3.3 MUSD).

Al a

(a) Hydrogen-based system (b) Ammonia-based system
Figure 4: Breakdown of CAPEX

The breakdown of OPEX and revenues of scenarios S1 and S2 are shown in Figure 5. The main part of OPEX
is from the costs of raw material (biomass) and utility (except for electricity). Electricity is supposed to earn
money but becomes cost in both scenarios. Because compared to water electrolysis unit input power can
produce more hydrogen in the BCL system with the higher cost of raw material and utility. That cost is easily
covered by selling hydrogen or ammonia, so EMS priors to satisfy the operation of BCL under the full load
condition, which causes the relatively higher cost of electricity. Besides, the ammonia-based system has an
extra cost of a waste treatment since ammonia is noxious. As for revenues, selling hydrogen and ammonia
earns 87 MUSD and 156.6 MUSD, while selling carbon dioxide gains 27.5 - 28.5 MUSD. The higher revenue of
ammonia is caused by the higher production rate of ammonia which is fivefold the production rate of hydrogen.
It is clear that using ammonia as an energy carrier causes 30 MUSD more OPEX, but revenue accordingly
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increases by 70 MUSD. The profitability of the two scenarios is shown in Table 2. With a similar configuration
(at the same scale), the ammonia-based system (S2) is superior to the hydrogen-based system (S1). The CCP
is 863 MUSD against 210 MUSD, while PBP is 6 y against 12 y.
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Figure 5: Breakdown of OPEX in scenarios S1 (a) and S2 (b)

Table 2: Cumulative cash position and payback period of scenarios S1 and S2

Name Solar PV Wind turbine Hydrogen production Ammonia production Fuel cell Battery CCP PBP
S1 20MW 30 MW 15 MW - 15 MW 20 MWh 210 MUSD 12y
S2  20MW 30 MW - 15 MW 15 MW 20 MWh 853 MUSD 6y

4. Conclusions

This study proposes a novel integrated renewable multi-generation system and technically and economically
evaluates its performance. The results show that the system shows acceptable profitability. The CCP of
hydrogen- and ammonia-based scenarios is 210 MUSD and 853 MUSD, while the relevant PBP are 12 y and 6
y. The higher production rate of ammonia makes the ammonia-based system superior to the hydrogen-based
system, although it has more CAPEX and OPEX. Future work will be conducted on the multi-objective
optimization of the system regarding both scheduling and sizing.
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