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Abstract: Hydrogen energy leads us in an important direction in the development of clean energy,
and the comprehensive utilization of hydrogen energy is crucial for the low-carbon transformation of
the power sector. In this paper, the demand for hydrogen energy in various fields is predicted based
on the support vector regression algorithm, which can be converted into an equivalent electrical load
when it is all produced from water electrolysis. Then, the investment costs of power generators and
hydrogen energy equipment are forecast considering uncertainty. Furthermore, a planning model is
established with the forecast data, initial installed capacity and targets for carbon emission reduction
as inputs, and the installed capacity as well as share of various power supply and annual carbon
emissions as outputs. Taking Gansu Province of China as an example, the changes of power supply
structure and carbon emissions under different scenarios are analysed. It can be found that hydrogen
production through water electrolysis powered by renewable energy can reduce carbon emissions but
will increase the demand for renewable energy generators. Appropriate planning of hydrogen storage
can reduce the overall investment cost and promote a low carbon transition of the power system.

Keywords: hydrogen energy; low-carbon transition; long-term planning; electricity-hydrogen synergy

1. Introduction

The Paris Agreement has set a long-term goal for global climate change governance,
limiting global temperature rise to well below 2 °C, and preferably to 1.5 °C [1]. A low-
carbon transition in the power sector is key to tackling climate change. Reduction of carbon
emissions further in the power sector relies mainly on the integrated application of multiple
low-carbon technologies [2,3], including wind, solar, nuclear, biomass and other renew-
able energy generation technologies; carbon capture, storage and utilisation technologies;
and biomass coupled carbon capture technologies [4,5]. Among them, hydrogen energy
technology is one of the most important low-carbon technologies [6], which has attracted
much attention in China in recent years, especially since the introduction of carbon peaking
and carbon neutral targets, and relevant policies are also promoting the development of
hydrogen energy technology. In terms of application scenarios, the utilisation of hydrogen
is mainly concentrated in four principal areas: industry, electricity, transport and building
heating, as well as functioning as industrial raw materials, means of energy storage and
alternative fuels. The hydrogen demand will continue to rise in all areas in the future [7].
The research for hydrogen energy includes the physical component and the integrated
energy system. The physical component involves the electrolyzer, the hydrogen fuel cell,
and the storage and transport carrier [8]. Several papers have reviewed the current de-
velopments in them. This paper focuses on integrated energy systems from a planning
perspective [9,10].

Ref. [11] proposes a regional electricity-hydrogen integrated energy system that uses
the coupling of electricity and hydrogen to improve renewable energy utilisation and a
double layer mixed integer planning model aimed at reducing the levelized cost of hydro-
gen by optimising the proportion of wind and photovoltaic power generation installed

Energies 2022, 15, 8764. https:/ /doi.org/10.3390/en15228764

https:/ /www.mdpi.com/journal/energies


https://doi.org/10.3390/en15228764
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0002-6687-112X
https://doi.org/10.3390/en15228764
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en15228764?type=check_update&version=2

Energies 2022, 15, 8764

20f17

in the system and the electricity purchased via the grid. Ref. [12] note that integrated
expansion planning of power, natural gas, and hydrogen systems will contribute to the
decarbonization of energy systems and identify the combination of technologies that meet
energy demands and carbon emission reduction targets with optimal economics. Ref. [13]
presents a novel methodology for optimising investment costs by linking two energy sys-
tem models, the application of which demonstrates that hydrogen can greatly assist in
the transition to complete decarbonization of the heating process, as it is able to provide
clean heat for a relatively low investment. All the above articles illustrate that transitioning
to hydrogen energy will lead technology in an important direction in the development
of clean energy; the installations related to hydrogen should be planned combined with
regional renewable sources, which can contribute effectively to the economics of the system
and facilitate the transition to low carbon heating.

In the context of the transition to low carbon heating, research on simulation methods
for energy and power system evolution and multi-temporal load forecasting methods has
intensified [14,15]. In the early stage, related literature mainly used integrated assessment
models to study the decarbonisation paths of the energy and power sectors, with a focus on
fine-grained simulation for a particular year or rough planning for the long term, lacking
joint optimisation combining long-term planning and short-term fine-grained dispatch [16].
Most of the literature now establishes joint optimisation models for long-term planning
and short-term operation, considering production simulations to achieve power balance
constraints on electricity [17]. The literature [18] established a long-term planning method
for power systems with high spatial and temporal resolution and technical accuracy based
on four base scenarios, namely the policy scenario, the enhanced scenario, the 2 °C scenario,
and the 1.5 °C scenario proposed by the Climate Institute of Tsinghua University [19],
considering the time-level power balance and the spatial matching problems, and forming
a joint planning-operation optimisation model. The literature [20] further established a
full-chain techno-economic evaluation model of diversified new energy utilisation methods
for comparative analysis of long-term development paths, following the analysis of near-
and medium-term planning. However, few existing studies have adequately considered
the integrated application of hydrogen energy for long term planning, despite its immense
potential for application in the low carbon transition of regional energy systems, mainly
due to the lack of historical data on hydrogen energy and the immaturity of the market [21].

Therefore, in this paper, by analysing the comprehensive hydrogen energy utilisation
model, the SVR model is used to forecast the future hydrogen energy demand and electrical
load in the medium- and long-term based on various social data published by official
agencies and to convert the hydrogen load into its equivalent electrical load. Combined
with the current situation in the planning area, the Ito model is used to forecast the cost of
power generation technology and the cost of key equipment for hydrogen energy systems.
Then, based on the above predictions, a low-carbon transition planning model of the
regional power system is established. After simulation and analysis, a feasible path to
achieve low carbon transition using hydrogen energy is proposed.

2. Prediction of Hydrogen Load and Uncertainty Parameter

Currently, hydrogen is mainly produced from fossil fuels such as coal, oil, and natural
gas, in addition to water electrolysis and biomass gasification. Ninety-six% of the world’s
hydrogen is produced from fossil fuels [22]. The carbon emission of different hydrogen
production methods varies, depending on which hydrogen produced can be classified as
grey hydrogen, blue hydrogen, and green hydrogen [23], as shown in Figure 1 [24].

With the rapid development of renewable energy generation technologies, green
hydrogen replaces grey and blue hydrogen as an important way to save energy and reduce
emissions. As shown in Figure 2, hydrogen is produced in diverse ways, then stored and
transported for use in hydrogen fuel cells for power generation, gas turbines for energy
generation, industrial ammonia and alcohol production, steel and oil refining, etc. The
different utilisation modes are adapted to different scenarios, with the main hydrogen
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Figure 1. Comparison of the carbon emissions of different hydrogen production methods.
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Figure 2. Comprehensive utilization of hydrogen energy.

2.1. Preditcion of Hydrogen Load

In the process of low carbon transformation of the power system, green hydrogen has
a wide range of applications in the industrial, construction and transportation sectors. The
demand for hydrogen in industry is mainly for regional ammonia and methanol synthesis
and crude oil processing; the demand for hydrogen in transport is mainly for city buses
when they are all hydrogen fuel cell vehicles; and the demand for hydrogen in buildings is
mainly for blending with hydrogen for heating in city natural gas pipelines [23].

The demand for hydrogen energy on a medium- to long-term time scale can be
projected from the above three sectors, and the relevant data can be obtained from the China
Statistical Yearbook 2021 published on the website of the National Bureau of Statistics [25].
In the industrial sector, the amount of hydrogen required in a calendar year is calculated
based on the annual processing of crude oil and the annual production of ammonia,
methanol, and empirical constants; in the transportation sector, the hydrogen load for
transportation is calculated using historical data on bus ownership, assuming that future
buses will use hydrogen as a power fuel; in the building sector, based on data on the supply
of natural gas to cities, the hydrogen load is calculated in a calendar year, assuming that
hydrogen is blended at a rate of 5% by volume fraction The hydrogen load for building
heating is shown in Equation (1).

)
@

HDy jng = ﬂoile.oil + Namm Qy.amm + Walch.ulc

HDy.trans = ﬂfueldaverQy‘bus
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where HD, i3, HDy.trans, HDy jeqr are the hydrogen loads in the industrial, transport, and
municipal heating sectors in year y. Qyoi, Qy.bus, Qyng denote the crude oil processing,
ammonia and methanol generation in year y. #,i1, amm, 41 denote the hydrogen consump-
tion coefficient for crude oil processing, ammonia synthesis and methanol, with reference
to literature [26] for the values. daer and 1,5 are the average annual mileage and fuel
consumption factor of buses respectively [27]. 7445 is the proportion of natural gas blended
with hydrogen [28].

Based on the historical data obtained, the hydrogen load for each year was predicted
using the support vector regression (SVR) method [29] for the different areas.

2.2. Equivalent Electric Load of Hydrogen

Green hydrogen is obtained by electrolysis of water from renewable energy sources,
so the hydrogen equivalent replacement electrical load can be obtained by converting
Equations (2) and (3).

Peq‘t = (eeq + ecom)HD 4)

HD¢ = HD jg + HD¢ trans + HDj pegt ®)

where P, is the equivalent electric load of hydrogen at time t; kW-h and HD; denote the
hydrogen load at time t; kg, e.; and ec,m are the energy consumption for electrolysis and
compression of hydrogen; kW-h/kg. HD; ju4, HD} trans, HD} jeqr are the hydrogen loads in
the industrial, transport, and municipal heating sectors at time .

2.3. Investment Cost Forecasts for Key Equipment

The Ito process is an important fundamental theory for analysing the evolutionary
properties of stochastic dynamic systems. It uses stochastic differential equations to de-
scribe randomness, which can better describe the probability distribution and time series
correlation of randomness [30], and is commonly used in the financial field to describe the
long-term trend of stock prices, oil prices, exchange rates, etc. Its application in power
systems has also been increasing in recent years. The Ito process describes the random
variables as the following stochastic differential equations.

dXy = u(Xp)dt + o(X¢)dBy (6)

where, X; and t are the random variables, d(-) denotes its differential. y(X;) is drift rate,
0(X}) is fluctuation rate, and By denotes Brownian motion (or Wiener process).

Ito process simulation with linear drift rate and volatility is used to forecast the costs
of power generation technologies and hydrogen energy equipment in this paper, where
price fluctuations can be assumed to be:

dX; = ]/lXtdt + 0 X;dB; (7)

where, 1 and ¢ are the means and variances of price fluctuations.
In the time interval, according to the Ito Lemma, there is:

dinX; = (u — 0?/2)dt + odB; (8)

where, InX; is the logarithm of X;.

Since the expression for Brownian motion is Equation (7), Equation (6) in discrete form
it can be expressed as Equation (8).

The mean and standard deviations of the logarithm of the forecast volume is estimated
from historical data, and this price movement can then be modelled using the above
formula. The price curve predicted by this method considers uncertainty, which can arise
from policy changes, market fluctuations, and technology maturity.
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3. Transition Path Planning Model with Electro-Hydrogen Synergy

The input data to the model includes the installed capacity in the initial year (2020),
the forecasted electricity and hydrogen loads, and the fuel prices and carbon trading prices
over the planning cycle, which are calculated and outputted by the medium- and long-term
planning model. The process is shown in Figure 3.

Input programming model output
the installec% Cfipacity objective new instal.led f:ap.acity
of each unit in the - of each unit within the
initial year Investment cost + maintenance planning period
cost + fuel cost + carbon -
the predicted trading cost propox:tlon of power
electricity and generation and carbon
hydrogen loads constraints emissions within the
the predicted unit supply and resource planning period
price of new demand balance limit new investment costs
installations, fuel and operati'ng environn}ental and carbon trading
carbon trading characteristics capacity costs

Figure 3. The planning process.

3.1. Objective

The objective function is the lowest total cost of the power system during the planning
period, including the investment cost of the power supply, the hydrogen energy system,
the system operation and maintenance cost, the fuel cost ch, and the carbon trading cost
F., as shown in Equations (9)-(13).

F=%, (Finv.y + Fomy + Ffey + Fct.y) (1+1)7Y )
Finpy = (Eg capyg Nbyg + Zg capys Nbys) (10)
Fomy = k(Xg capy.g ICy ¢ + g capys ICys) (11)

Frey = Zt fe pys Pytc (12)
Fety = py.c (cemy — ceay) (13)

where F is the objective function of the planning model, T = 30 is the planning cycle. I is
the discount rate. The subscript y indicates the yth year from 2020, i.e., 2020 y = 1. The
subscript ¢ indicates the type of power and g€{C,H,W,PV} which denotes thermal power,
hydroelectricity, wind power, photovoltaic power, respectively. The subscript s indicates
the equipment of hydrogen energy and s€{EC,HS,FC}, which denotes electrolytic cell,
hydrogen storage tank and fuel cell, respectively. Fl-,wy, Fomy, ch,y, Fety are investment costs,
operation and maintenance costs, fuel costs, and carbon trading costs in year y, respectively.
capyg s is the price per unit of installed capacity in year y. Nb, o is the additional installed
capacity in year y. IC, . is the installed capacity in year y. Py c is the power of thermal
power units at time ¢ in year y. p, s is the price of fuel in year y. f. is fuel consumption factor
per unit. cem, and ceay are the carbon emissions and initial carbon allowances in year y,
respectively. py . is the price of carbon trading in year y.

3.2. Constractions

Supply and demand balance satisfies the constractions of Equations (14) and (15)
Z:g Py,t.g + Py.t.ECI - Py.t.FC = Dy‘t (14)

Peqty = Pyrec2 (15)
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where Py o/ec1/ec2/Fc denotes the power of unit g/ECI/EC2/FC at time ¢ in year y. Dy is the
electricity load at time f in year y. ECI is electrolysis cell for hydrogen energy storage, and
EC2 is used to meet the hydrogen load.

The power is limited as in Equations (16)—(18)

pery.g.min ICy‘g < py‘t.g < pery.g.max Icy.g (16)
Pdown < Py.t.C - Py.t—l.C < Pup (17)
perec.min ICyec < Pytrect + Pyrec2 < perecmax ICyEC (18)

where pery ¢ inax/min 18 the maximum/minimum output coefficients of renewable energy.
Pupdown 18 the up and down climbing factors for thermal power units. perec pax/min 15
maximum/minimum output coefficients of the hydrogen energy storage.

The energy storage state constraints are Equations (19)—(23)

0 < SOCy1ns <ICyns (19)

SOCy.tr1.1s = SOCyrHs + s Vyrrse + Vyrasa/ls (20)
VytHse = ec Pyrec (21)

VyHsa = 1rc Pyrrc (22)
SOCytns.0=SOCypst =0s ICyps (23)

where SOC, ; ys are the state of charge of hydrogen energy storage. 17gc/rc is gas-electric
conversion factor of electrolysis and fuel cell. 75 denotes the loss factor of energy storage.
SOCyt.ns.0 and SOC,; ys 1 are the initial and final state, respectively. Js is the maximum
state factor of energy storage.

The constraints of carbon emission are Equation (24).

0< cemy < CEMy (24)

where, CEMy is the maximum carbon emissions in year y to meet the carbon neutrality
target in 2050.

4. Case Study

In this section, a regional power system in Gansu Province, China, is used for simula-
tion and analysis as an example. The hydrogen load and electrical load are predicted in
Section 4.1 according to the method of Sections 2.1 and 2.2, and unit investment costs for
hydrogen energy equipment and power generation equipment are forecasted in Section 4.2
based on the model of Section 2.3. Then, based on the above predicted data and the model
in Section 3, simulations were carried out under three assumed scenarios and the results
are presented in Section 4.3, where the planning results for power and hydrogen plants are
shown in Sections 4.3.1 and 4.3.2, the annual carbon emissions calculated from the planning
results are shown in Section 4.3.3, and the operation results for four typical days in 2030
and 2050 are shown in Section 4.3.4.

4.1. Results of the Load Forecast

Hydrogen demand forecasting is conducted using hydrogen load data for industry,
transport and municipal heating, and social data in Gansu Province, China. The social
data are shown in Table 1, and the hydrogen load data for each sector for the calendar
year, considering the per capita GNP, the share of primary industry, the share of secondary
industry, the share of tertiary industry, the gross regional product, the total population,
the number of urban population, the number of rural population, the total retail sales of
consumer goods and the total social electricity consumption, are shown in Table 2.
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Table 1. Social data.

Gross Share of Total Retail Total Social
Regional  Share of Sec- Share of Gross Total Pop- Urban Rural Sales of Electricit
Year Output Primary da Tertiary Regional ulationp Popula- Popula- Social Consum y_
Value per  Industry Igﬁ :‘y Industry Product tion tion Consumer tion p
Capita ustry Goods 0
2007 10,346 14.3 47.3 38.4 2702.4 2548 822 1726 833.3 614.74
2008 12,110 14.6 46.3 39.1 3166.8 2551 856 1695 1023.6 677.76
2009 12,872 14.7 45.1 40.2 3387.6 2555 891 1664 1183.0 705.51
2010 16,113 14.5 48.2 37.3 4120.7 2560 925 1635 1394.5 804.43
2011 19,595 13.5 47.4 39.1 5020.4 2564 953 1612 1648.0 923.45
2012 21,978 13.8 46.0 40.2 5650.2 2578 999 1579 1906.5 994.56
2013 24,539 14.0 45.0 41.0 6330.7 2582 1036 1546 2368.8 1073.25
2014 26,433 13.2 42.8 44.0 6836.8 2591 1080 1511 2668.3 1095.48
2015 26,165 14.1 36.7 49.2 6790.3 2599 1123 1477 2907.2 1098.72
2016 27,643 13.7 34.9 51.4 7200.4 2610 1166 1444 3184.4 1065.15
2017 28,496 11.5 34.3 54.1 7459.9 2626 1218 1408 3426.6 1164.37
2018 31,336 11.2 33.9 54.9 8104.1 2637 1258 1379 3428.3 1289.52
2019 32,994 12.0 32.8 55.1 8718.3 2647 1284 1363 3700.3 1288
2020 35,995 13.3 31.6 55.1 9016.7 2502 1307 1195 3632.4 1376
Table 2. Historical data on hydrogen loads in various fields.
Year Methanol Ammonia Crude Oil Processing Buses Total City Gas Supply
(Tonnes) (Tonnes) Volume (10% tun) (Billion Cubic Metres)
2007 57,687 777,460.5 / / /
2008 62,062 658,704.5 / / /
2009 54,008.3 761,022.8 / / /
2010 50,514.72 763,833.1 1383.5 4382 7.29
2011 364,619.9 733,376 1613.5 4965 8.81
2012 564,232 431,337.9 1520.5 5214 11.21
2013 506,165.3 700,655.1 1554.2 5359 13.4
2014 727,115.9 575,393 1446.4 5488 15.92
2015 / / 1424.3 5275 16.19
2016 / / 1341.5 5233 16.86
2017 / / 1440.8 5850 20.37
2018 / / 1440 6519 23.51
2019 / / 1465.6 7314 25.2
2020 / / 1467.5 6408 25.44

The hydrogen loads in the industrial, transport and building heating sectors from 2020
to 2050 are predicted by the SVR model as shown in Figure 4.

To reflect the demand balance between electricity and hydrogen, the seasonal and
hourly variability of renewable energy sources, and to minimise the difficulty of calculation,
one typical day from each of the four seasons of the year was selected for simulation. The
hydrogen loads in the transport and municipal heating sectors are more regular, and the
industrial hydrogen volumes fluctuate less throughout the year, so the normalised results
of the hourly variation of hydrogen loads in each sector are shown in Figure 5.



Energies 2022, 15, 8764

8of 17

5
12 x ‘Tlo T T T T T T
industry
B [ traffic i
10 I heating

2 il
= 60 . l I I 4
T 111
l.ill
nER | | |
4F el N | | d
111
ok A
1 1 1 1 1 1 1
2020 2025 2030 2035 2040 2045 2050
time/year

Figure 4. Prediction curve of annual hydrogen load.
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Figure 5. Hourly percentage of hydrogen load in different area for four seasons. (a-d) industrial
hydrogen load; (e-h) traffic hydrogen load; (i-1) hydrogen load for heating.

The annual electrical load forecast for the region is shown in Figure 6. Based on the
maximum load for each month from 2018 to 2021, a typical day can be selected from each
of January, April, July, and November, and the load curve is shown in Figure 7.
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Figure 7. Hourly percentage of electric load in four seasons. (a) spring; (b) summer; (c) autumn;
(d) winter.

4.2. Forecasted Equipment Investment Costs

By investigating the various types of data and related technological developments
published by official agencies, the relevant data on key hydrogen energy equipment and
power generation costs are summarised as shown in Tables 3 and 4, and the Ito process of
linear drift rate and volatility is used for simulation to predict the future trend of changes

in hydrogen energy system costs and unit power generation investment costs as shown in
Figures 8 and 9.

Table 3. Hydrogen energy equipment investment costs over the years.

Equipment 2016 2018 2020 2022
Alkaline electrolytic cell 3000~4000 3000~4000 2000~3000 2000~3000
Hydrogen storage tank 5000~6000 4000~5000 3000~4000 3000~4000
Fuel cell 6000~7000 5000~6000 4000~5000 4000~5000

Table 4. Power generation equipment investment costs over the years.

Power 2016 2018 2020 2022
Wind power 2000~3000 down24~30%  down 37~49% 2000~3000
Photovoltaic power 1000~3000 down 24~30%  down 50~60% 1000~3000
Hydroelectricity 7000~8000 down 0.2~1%  down 0.2~1% 7000~8000

Thermal power 4000~8000 up 0~10% up 10~30% 4000~8000
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Figure 8. Forecasted price curves for hydrogen energy equipment from 2020 to 2050. (a) electrolytic

cell; (b) hydrogen storage tank; (c) fuel cell.
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Figure 9. Forecasted investment costs for power generation technologies. (a) wind power; (b) solar
power; (c) hydroelectricity; (d) thermal power.

4.3. Comparative Analysis of Planning Paths

The following three scenarios are set up for a comparative analysis:
Scenario 1: no hydrogen load is considered
Scenario 2: considering hydrogen-equivalent electrical loads in industry, transport
and heating
e  Scenario 3: considering hydrogen load and hydrogen storage in power systems

The installed capacity of wind, photovoltaic, hydropower and thermal power in the
region in 2021 is 17,331.2, 10,743.5, 9,316.3, and 20,389.7 MW, respectively. The model built
in Section 3 is run through the YALMIP toolbox of the MATLAB platform and the GUROBI
solver is invoked, where the three scenarios took 32.05 s, 40.20 s, and 65.51 s, respectively.

4.3.1. Growth in Installed Capacity of Generations

The planning results, such as the installed capacity of and share of the power sources,
are obtained by inputting the forecast data from Sections 4.1 and 4.2 into the model in
Section 3 and solving it. The changes in the installed capacity and share of the four main
power sources under the three scenarios are shown in Figure 10. When the comprehensive
use of hydrogen energy is not considered, the planning results are shown in Figure 10a,b. In
the long term, the proportion of new energy installations will continue to rise, and the share
of wind and photovoltaic in the power supply is 82% in 2030 and 91% in 2050. There will
be no need for new coal installations after 2025. The power supply structure will shift to
mainly new energy generation, supplemented by thermal power units, and thermal power
units will be gradually retired, eventually reducing the installed capacity to zero in 2050.
This is also due to the gradual reduction in the cost of wind power and photovoltaic power
generation technologies. As the cost of wind power is higher than that of photovoltaic in
the early years, there is more room for technological upgrading in the later years, so the
installed capacity of wind power will exceed that of photovoltaic after 2032, with a greater
rise. The installed capacity of hydropower will increase more slowly due to geographical
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constraints and the maturity of power generation technology. But it will rise significantly
after 2040, mainly due to the retirement of thermal power and the growth of new energy
generation, which requires a more stable power supply. The installed capacity of wind
powert, photovoltaic and hydropower is over 20 times, 34 times, and 8 times than in 2021,
respectively, and more than 6 times, 5 times, and 4 times in 2030, respectively.
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Figure 10. The installed capacity of and share of the power sources. (a,b) scenario 1; (¢,d) scenario 2;

(e,f) scenario 3.

In scenario 2, the integrated use of hydrogen energy is considered, and traditional
grey hydrogen and blue hydrogen are replaced with hydrogen produced from electricity.
Based on this, the planning results are shown in Figure 10c,d. Compared to scenario 1,
the replacement of grey and blue hydrogen with green hydrogen will help to accelerate
the pace of achieving the carbon neutrality target. The increased electrical load from
hydrogen replacement is likely to increase the pressure on the power system to reduce
emissions, but by relying on renewable energy to generate hydrogen and considering the
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CO2 reductions in the three sectors, the benefits of hydrogen replacement are much greater
than the cost of increasing some of the electrical loads compared to the emissions reductions
in the three sectors. The 5.7736 x 10'° tonnes of carbon emission are reduced by green
hydrogen replacement in industry, transport and heating, which relieves the pressure to cut
emissions across the region. Wind power and photovoltaic doubled 23 times and 38 times,
respectively, from 2021 to 2050, and their share will reach 91.3% in 2050.

In scenario 3, with the consideration of hydrogen storage in the power system and the
equivalent electrical load for hydrogen demand, there is a slight increase in the installed
capacity of PV and wind power compared to scenario 2, especially for wind power between
2030 and 2045, while installed capacity of hydropower grows more in 2030-2035 than in
Scenario 2. The addition of hydrogen storage allows more capacity to be put into wind
power, which is more stochastic and volatile, and thermal power to cease to be used for
a power supply in 2045. The share of wind and photovoltaic power is 46.7% and 65.28%
in 2045, respectively, an increase of 16 times and 23 times, respectively, compared to 2021.
This multiplier increases to 24 and 37 in 2050.

4.3.2. Equipment of Hydrogen Energy System

In scenarios 2 and 3, the hydrogen energy equipment is configured based on the
hydrogen load demand, and the results of the capacity planning for the electrolysers and
hydrogen storage tank are shown in Figures 11 and 12, respectively. Electrolyzer power
increases from 2140 MW in 2025 to 5020 MW in 2050 in scenario 2, and from 3210 to 7530 MW
in scenario 3. Correspondingly, the capacity of hydrogen storage tanks rises from 34,668
MW:-h in 2025 to 130,520 MW:-h in 2050 in scenario 2, and from 46,520 MW h to 321,880
MW-h in scenario 3. The combination of hydrogen production and storage equipment
can make the power of the electrolyser smoother, effectively reducing equipment capacity
requirements and investment costs.
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Figure 11. The planning capacity of electrolysis. (a) scenario 2; (b) scenario 3.
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Figure 12. The planning capacity of hydrogen storage tank. (a) scenario 2; (b) scenario 3.
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4.3.3. Cost and Carbon Emission

The addition of hydrogen equipment has increased investment costs and O&M costs;
however, to achieve the goal of carbon neutrality, the substitution of grey hydrogen in
industry, transport, and heating with electricity is necessary. In this context, it is clearly
better that the path of hydrogen storage is considered in scenario 3, which has a lower total
cost than scenario 2, as shown in Table 5. The carbon emission reduction from replacing
grey hydrogen with green hydrogen is calculated by referring to the 1kg of hydrogen
produced from coal to produce 20 kg of CO,.

Table 5. The cost and carbon emission reduction of three scenarios.

Scenario

1

2

3

Investment cost/¥

1.4296 x 1012

1.5083 x 1012

1.4680 x 1012

O&M cost/¥

8.1523 x 1010

8.3701 x 1010

8.2015 x 1010

Total cost/¥

15111 x 1012

1.5921 x 1012

1.5499 x 1012

Carbon emission/tun

15.1610 x 107

12.3655 x 107

11.7114 x 107

Emission reductions from

/

5.7736 x 1010

5.7736 x 1010

hydrogen substitution/tun

Figure 13 shows the trend in carbon emissions, from which we can see that the period
from 2025 to 2040 is the main period for reducing emissions. In scenario 2, the rate of
emission reduction is slightly slower until 2035 than in scenario 1, but faster after 2035, when
hydrogen loading is considered. Scenario 3 has consistently the fastest rate of emission
reductions due to the role of hydrogen storage in the power system.

Scenariol

Scenario2

Scenario3

carbon emission

2020 2025 2030 2035 2040 2045 2050
year

Figure 13. The results of carbon emission reduction.

4.3.4. Simulation Results of Daily Operation

This section focuses on the results of the operational simulation under scenario 3,
analysing four typical days in 2030 and 2050 selected according to the output characteristics
of wind power, and the results of the optimised operation are shown in Figures 14-16. The
operation simulation is mainly to ensure that the planning results of the power supply
and energy storage are sufficient to cope with the uncertainty of renewable energy during
the daily operation. As can be seen in Figure 14, the output time of PV is more stable,
usually between 9-18 h, and the energy storage is generally in a charged state during this
period. The power output characteristics of wind power differ on the four typical days,
with thermal power and storage mainly affected by it, while the hydropower output is
smoother. As seen in Figure 15, in 2050 wind power will be the main source of power,
followed by PV, with hydro and storage assisting them in supplying power.
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Figure 14. The operational results in 2030. (a) typical day 1; (b) typical day 2; (c) typical day 3;
(d) typical day 4.

When renewable energy is more abundant during the 10-18 h period, the energy is
stored and discharged through storage to maintain a balance between supply and demand
when power is insufficient. This is the case for almost every typical day in 2030. However,
in 2050, energy is also stored between 1-10 h on typical days 1 and 4, and between 16-23 h
on typical days 2 and 3, due to the large share of renewables that require storage to work
for longer periods.

The capacity state of the energy storage system is shown in Figure 16. As can be seen
in the figure, the energy storage on typical days 2 and 3 in these two years is discharged
in the 1~10 h period and is charging in the 10~24 h period almost. The difference in the
operation state of the energy storage on typical days 1 and 4 in 2030 and 2050 is slightly
larger, but in the 10~18 h period is also charging, and in the 7~10 h and 18~24 h periods is
discharging. This is related to the output characteristics of wind power and photovoltaic,
especially wind power, which has greater uncertainty, so there is a greater difference in the
operating state of energy storage between 1 and 8 h.
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Figure 15. The operational results in 2050. (a) typical day 1; (b) typical day 2; (c) typical day 3; (d)
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Figure 16. The state of charge on four typical days in 2030 and 2050. (a) 2030; (b) 2050.

5. Conclusions

Hydrogen energy is in great demand in industry, transportation, and heating. The
replacement of grey hydrogen by green hydrogen will reduce a large amount of carbon diox-
ide in the hydrogen production process. In addition, the importance of hydrogen storage in
the power system is gradually emerging as the proportion of renewable energy increases.
In this paper, a long-term low-carbon transition path planning model is proposed for the
regional power system considering short-term operation simulation, and the transition
path is analysed according to three scenarios: (1) without hydrogen load; (2) considering
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hydrogen load and converting it into equivalent electric load; (3) considering electric load
derived from hydrogen load and hydrogen energy storage.

The load forecasts show a continued rise in hydrogen demand in the future. Plan-
ning for the future power structure with consideration of water electrolysis powered by
renewable energy to hydrogen production could reduce a significant amount of carbon
emissions. In our example, this value is 5.7736 x 1010, which is hundreds of times the
carbon emissions from electricity generation without considering hydrogen production
from electricity. Therefore, the low carbon transition of the power system cannot only
consider the traditional electric load, but also the electric load from hydrogen demand of
other sectors, especially the industry sector. However, after considering electric hydrogen
production, the rising electrical load makes the demand for renewable energy sources grow;
the installed capacity of wind power and photovoltaics needs to increase to 23 and 38
times that of 2021, with both accounting for up to 91% of the total. This would entail huge
investment costs.

Hydrogen energy storage, with its long-term, large-scale storage characteristics, will
help the consumption of renewable energy and increase the equivalent utilization time.
With its help, the increase in installed capacity of wind and photovoltaic is 16 and 23
times greater, and their share reaches 46% and 65% in 2050, respectively. In the two
scenarios above, in 2050, the demand for electrolyzer capacity is 5020 MW and 27530 MW,
respectively, and for hydrogen storage tank capacity is 130,520 MW-h and 321,880 MW-h,
respectively. Operational simulations can ensure that the planning results are adequate, at
least on typical days with different wind and photovoltaic power output characteristics; it
is clear that energy storage is continuously charged or discharged for more than 6 h during
the day. The role of energy storage in promoting the consumption of renewable energy
cannot be ignored.

Furthermore, it can be observed that 2025 to 2035 is the main period for emission
reduction. Seventy percent of the targeted emission reductions are achieved during this
period. Greater investment in low-carbon technologies can accelerate the achievement
of a low-carbon transition, such as electrolysis water to hydrogen technology, carbon
capture, storage and utilisation technology, and large-scale energy storage technology, etc.
This paper focuses on the role of hydrogen energy in the low-carbon transition, while the
integration and use of more low-carbon technologies are yet to be discussed.
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