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Abstract: Land available for energy production is limited in cities owing to high population density.
To reach the net zero goal, cities contributing 70% of overall greenhouse gas emissions need to
dramatically reduce emissions and increase self-sufficiency in energy production. Environmental
infrastructures such as sewage treatment and incineration plants can be used as energy production
facilities in cities. This study attempted to examine the effect of using environmental infrastructure
such as energy production facilities to contribute toward the carbon neutrality goal through urban
energy systems. In particular, since the facilities are suitable for hydrogen supply in cities, the
analysis was conducted focusing on the possibility of hydrogen production. First, the current status
of energy supply and demand, and additional energy production potential in sewage treatment and
incineration plants in Seoul, were analyzed. Then, the role of these environmental infrastructures
toward energy self-sufficiency in the urban system was examined. This study confirmed that the
facilities can contribute to the city’s energy self-sufficiency and the achievement of its net-zero goal.

Keywords: net zero; carbon neutrality; city energy system; environmental infrastructure; hydrogen;
city’s energy self-sufficiency

1. Introduction

Cities intensively consume energy and are highly limited in energy self-sufficiency.
Cities account for over 70% of global CO2 emissions, most of which come from industrial
and motorized transport systems that use huge quantities of fossil fuels and rely on far-
flung infrastructures constructed with carbon-intensive materials [1]. To maintain smooth
functioning, many cities outsource much energy from a long distance [2].

Urban areas consume between 67% and 76% of global energy consumption [3]. Such
characteristics of the urban energy system cause considerable inefficiencies in the entire
national energy system. To reduce the inefficiency of long-distance energy supply networks,
cities need to have adequate energy production capacities. The metropolitan areas in Korea
consume more energy than other regions, causing challenges in investment and operation
of the national energy system. Therefore, increasing the energy self-sufficiency levels of
cities is crucial as it increases the efficiency of the entire system.

Cities recommend a reduction in energy demand as a priority measure to achieve
carbon neutrality. Reducing energy consumption in urban energy systems could, therefore,
profoundly contribute to achieving carbon neutrality. Moreover, considering available
land limitations for construction of energy production facilities in cities, it is ideal to
identify alternative energy sources by converting existing energy consumption to a more
carbon-neutral way.

Meanwhile, as urbanization accelerates, energy consumption and various types of
services and products increase rapidly. Previously, the environment has been poorly
managed, but its role is becoming important as a large-scale source of embedded energy in
cities. Environmental facilities, such as wastewater treatment plants and waste incinerators
could be potential large-scale energy production facilities [4,5]. Oil, heat, and electricity
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are the main energy sources used [6]. Currently, oil accounts for the highest portion
of energy consumption. As the global trend of internal combustion engine phase-out
spreads, the demand for these engines will decrease. Furthermore, heat pumps will replace
liquefied natural gas (LNG) for heating demand [7,8]. On-site produced hydrogen from
environmental infrastructures can be used to meet transportation and electricity generation
demands. This could contribute to improved urban energy system reliability; hence, the
active promotion of use of hydrogen in major cities’ net zero plans [9].

Studies on various ways to utilize waste as an energy source are underway owing
to its importance as an alternative energy source in cities. Biogas, which can be obtained
from organic waste resources, has great benefits in that it can be converted into energy
while addressing environmental problems. Song et al. [10] analyzed technological issues
and development trends related to biogas-based extracted hydrogen and considered ap-
plications for its commercialization. Hong et al. [11] performed modeling and economic
analysis of the hydrogen production process using food waste generated in cities. As a
result, within 15 years, this process could be quite economical with a 20.25% internal rate
of return. In addition, various studies have been conducted from the stages of technology
development to its utilization, such as the environmental benefits of hydrogen produc-
tion using waste resources in cities, socio-economic effects, and technological efficiency
improvement [12–15]. Recognizing that securing public acceptance is essential for utilizing
hydrogen in cities, several studies have been conducted, such as risk factor analysis and
optimal location selection to ensure public safety [16].

In this context, this study estimated the potential energy embedded in environmental
infrastructures as the main objective. Environmental infrastructures such as sewage treat-
ment and incineration plants could potentially contribute to the energy self-sufficiency of
the neighboring areas. In particular, this study focused on estimating potential hydrogen
quantity production from methane generated from wastewater, which has a greater im-
pact on global warming. Contribution to energy self-sufficiency was calculated assuming
that the facility’s energy consumption can contribute to self-sufficiency and supply the
remaining production to neighboring areas.

We selected Seoul as a case study and analyzed how much energy, specifically hy-
drogen, can be produced through Seoul’s sewage treatment and incineration plants. In
Section 2, we introduce the methodologies of the study. For the analysis, the current
state of energy consumption in Seoul was investigated and the energy consumption per
unit area in Seoul was derived. Next, the systems that produce energy in the sewage
treatment and incineration plants were identified, and the processes for calculating the
energy potential were determined. The energy production systems did not reflect the
difference in production efficiency seasonally and hourly but were designed as annual
production systems.

In Section 3, based on the designed systems, the amount of energy production potential,
especially potential hydrogen production, in Seoul is calculated and presented. It was
assumed that hydrogen was produced by reforming methane gas at the sewage treatment
plant and by water electrolysis at the incineration plant with the power of a cogeneration
generator using waste as fuel. In addition, by comparing the energy consumption and
potential energy production of each facility, the amount of surplus energy that can be
supplied to the neighboring areas was calculated.

In Section 4, based on the results, we explain that cities could use environmental
infrastructures as energy production facilities and utilize them in achieving carbon neu-
trality. Finally, we recommend policies that decision-makers can implement to realize
these possibilities.
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2. Materials and Methods
2.1. Research Methods

The energy demand and supply structure of sewage treatment and incineration plants,
which are urban waste treatment facilities, was analyzed to determine their feasibility as
urban energy production facilities.

For this purpose, the treatment process of each facility, as well as the energy flow and
waste generation for each process, were assessed. Since there are no complete statistics
that serve the purpose of this analysis, detailed data have been reconstructed using official
and undisclosed internal data from central and local governments [17,18]. In addition,
renewable energy sources that can be added to each facility were reviewed by considering
the land area occupied by each facility and the facility’s improvement plan currently in
progress. The process was designed so that fossil fuel and externally procured electricity
currently consumed by each facility would be replaced by its own energy production. An
investigation into excess energy that could be supplied to the surrounding areas was also
conducted. Since the energy production of environmental infrastructure varies depending
on the amount of sewage and waste to be treated, population and operation rate of the
treatment facilities were considered in the analysis. Moreover, additional energy production
was analyzed in view of increasing operational efficiency in the current facilities and
expanding capacities.

Through the above series of analysis, the impact on the energy self-sufficiency of
the city when energy production potential of the environmental infrastructure was used
to the maximum was examined. To this end, the energy consumption per unit area was
derived from the land planning, and the energy consumption status of Seoul, and the size
of the area in which energy self-sufficiency is possible through excess energy supply, were
analyzed quantitatively (see Figure 1).
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Figure 1. Research methodology flow diagram.

2.2. Analysis of Energy Consumption Characteristics in Seoul

Seoul is the capital of Korea and the most representative city where energy consump-
tion is significantly high. Seoul’s energy consumption is significant in the building and
transport sectors. In particular, more than 60% of the total energy consumption is in the
building sector. Oil, gas, and electricity account for approximately 30% of energy consump-
tion by source, while heat energy, renewable, and other energy sources account for about
5% (see Table 1). Transportation fuel accounts for the majority of oil use, totaling about 63%,
of which about 20% is used as aviation oil. More than 90% of power is used for heating and
cooking purposes in buildings, and all of the heat energy is used in buildings. Seoul’s per
capita energy consumption is much lower than the national average, in contrast to energy
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consumption per area, which is 22 times higher than the average. The city, which exhibits
intensive energy consumption, requires effective use of land.

Table 1. Final energy consumption by Sector in 2020 (Unit: kTOE) [19].

Coal Oil Gas Electricity Heat Renewables & Others Total

Industry 0 904 19 129 0 3 1055
Transportation 0 2900 250 130 0 77 3357

Residential & Commercial 42 339 3724 3320 477 39 7941
Public & Others 0 419 0 359 9 178 964

Total 42 4561 3993 3938 485 297 13,316

The city has various land uses, such as residential, commercial, industrial, and green
areas, and various urban planning facilities are located to maintain the function of the city.
The residential, commercial, industrial, and green areas of Seoul account for 53.8, 4.2, 3.3,
and 38.6% of the total area, respectively. When classified by 26 land categories, the building
site area is 219.8 km2, accounting for 36.3% of the total area of Seoul [20].

Land use in cities is very complicated depending on the composition and purpose
of buildings, and consequently, energy consumption characteristics are very different.
However, in this study, the energy consumption characteristics of cities were applied more
simply. Assuming that the entire Seoul Metropolitan Government is divided by into certain
areas, the proportion of the used districts in each area can be considered the same, and
energy consumption can be assumed to be the same as the number of divisions.

2.3. Current Status of Seoul’s Environmental Infrastructure and Energy Production Capacity

Among urban infrastructures, sewerage and waste treatment facilities are represen-
tative environmental infrastructure (National Land Planning and Utilization Act). The
purpose of these facilities is to maintain a pleasant environment by treating waste generated
in the city. The main facilities for treating sewage and waste in Seoul are sewage treatment
and incineration plants, respectively, which are operated in four locations each [15].

With the recent explosive population increase and energy consumption in cities, the use
of large-scale waste resources has emerged as available energy is scarce [21]. Environmental
infrastructure can produce energy by utilizing urban waste resources. The amount of energy
that can be regenerated in these facilities is determined by the amount of sewage and waste
emitted per capita. The sewage treatment and incineration plants, which are the subjects of
this study, have different treatment processes, having significantly different characteristics
such as the type or size of land use, energy use, and production. The amount of sewage
and waste generated in Seoul is 4,180,275 m3/day, and 47,996 tons/day respectively, and
the sewage treatment and incineration plants treat the entire waste [15].

The environmental infrastructure is built to maintain pleasant a quality of life through
management of waste disposed. In general, due to the perception that waste is filthy,
substantial local protests occur when such facilities are built in the area. Hence, most basic
environmental facilities are often constructed outside of the city, and the land area occupied
by these facilities is inevitably expanded as buffer areas with other land use areas. Recently,
an improvement plan to relocate unpleasant facilities underground and open the ground
to parks has been discussed. Therefore, not only energy can be produced through waste
resources, but additional land use can also be recognized.

2.3.1. Sewage Treatment Plants

Sewage treatment plants are facilities that purify urban sewage. As a representative
water treatment process, the Modified Ludzack Ettinger (MLE) method is used, and A2O,
an active sludge method, biological membrane filtration, and four-stage Biological Nutri-
ent Removal (BNR) are selectively applied for each facility [22]. Sewage treatment first
separates heavy substances by a physical method and decomposes organic substances
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by a biological method. Methane gas is generated in the process of concentrating and
re-decomposing the filtered organic material, and in this process, the organic material is
dehydrated to produce solid biomass. In this way, the organic material contained in the
sewage is regenerated as energy during the water treatment process. In this process, not
only waste resources but also heat energy applied to water can be utilized. Even with
low-temperature thermal energy, it is expected that the energy generated in proportion to
the amount to be processed will be considerable. In addition, the finally purified water can
be used for micro-hydroelectric power generation in the process of discharging it into a
river. Sewage throughput does not fluctuate much throughout the year, so stable power
generation is expected.

Recently, as sewage treatment plants have been renovated into underground water
treatment facilities, additional energy production has also become possible depending on
how to utilize the newly created unused land [23]. A method of installing solar power
in a certain part of an unused site, or using the rooftop of a new building, is considered.
Figure 2 below shows the energy production potential mentioned above, in addition to
the energy consumption and waste generation of conventional treatment processes. In
Table 2, the operation status of the drying and digester facility that converts waste into
energy is shown. A large amount of produced biogas is not connected to demand and is,
therefore, discarded.
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Figure 2. Major processes and energy flow in sewage treatment plants.

Table 2. Operation status of Seoul’s sewage treatment plants.

Name Extent (m2)
Sewage

Treatment
Volume

Sewage Disposal Biogas Production and Utilization

Incineration Drying Selling Electricity Generation
(Ton/Day)

Self-Utilization
(Ton/Day)

Surplus
(Discard)

Nanji 929,084 557.2 130.1 119.2 11.3 0 11.0 14.2
Jungnang 501,000 1136.6 0 459.5 19.1 0 48.8 1.5
Seonam 1,032,423 1456.5 123.6 192.3 31.9 0.2 16.9 4.0
Tancheon 393,000 752.3 0 126.7 0 2.3 19.6 2.6
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2.3.2. Incineration Plants

Incineration plants are increasingly important as facilities that incinerate waste gen-
erated in cities and resupply energy. Moreover, as waste in cities gradually increases, the
need for energy supply through recycling and incineration is strengthening.

Recycling, incineration, and reclamation are typical waste disposal methods in cities.
In the case of incineration, the treatment method can be distinguished between simple
waste treatment and waste-to-energy. Methane gas from waste disposal is an important
energy source for hydrogen production, mostly generated from landfills due to anaerobic
decomposition of organic materials in landfill waste. Landfill gas is mainly composed of
methane (CH4) and carbon dioxide (CO2) (45–60% and 40–60%, respectively), and other
harmful substances including volatile organic compounds (VOCs) and hydrogen sulfide
(H2S). Hydrogen production in landfills is conducted by first collecting landfill gas, pre-
treating the gas to remove moisture and impurities, and then reforming the extracted CH4.

Due to space limitation in cities, landfills that require large areas of land are very scarce.
Currently, no landfill facilities are operating in Seoul, and about 4% of waste generated
is transported to landfills outside the city [15]. In particular, the Seoul Metropolitan
Government has been prohibited from using landfills for household waste disposal from
2026, through enforcement of the Waste Management Act, promulgated in 2021 [24]. For
this reason, only the incineration treatment system was considered in this study, and the
operation status of the incineration plant currently operated in Seoul is shown in Table 3.

Incineration plants destroy waste at a temperature of 850 ◦C or higher, and collect
the waste heat (400 ◦C) produced in the process to generate electricity. After that, high-
pressure steam, cooled to about 120 ◦C, is supplied as a local heating source around the
incineration plants [25]. Recently, incineration plants, such as sewage treatment plants,
have been actively renovated into underground incineration facilities and utilize space on
the ground in three dimensions, enabling additional solar power generation on unused
sites. In addition, although the land area occupied by the incineration plants is much
smaller than that of the sewage treatment plants, the concentration of energy production
generated through the incineration of waste is rather high, so hydrogen production by
water electrolysis can be undertaken using the power and heat produced. High-efficiency
hydrogen production can be performed with a heat source of 120 ◦C, which is generated in
the treatment process [26]. As shown in Figure 3, waste generated in the city is converted
into electricity and heat in the incineration system and, if necessary, is produced again
as hydrogen.
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Table 3. Operation status of Seoul’s incineration plant.

Name
Population Extent Total Input Incineration Rate of Operation Water Usage

(m2) (Ton/Year) (%) m3/year

Gangnam 1,649,169 63,818 253,193 247,907 89 209,139
Nowon 1,052,194 46,307 170,229 175,034 71 196,368
Mapo 575,102 58,435 175,550 172,573 76 149,239

Yangcheon 632,329 16,914 99,114 100,296 85 47,824

3. Results
3.1. Energy Production Potential of Environmental Infrastructure
3.1.1. Sewage Treatment Plant

The energy self-sufficiency level of Seoul’s sewage treatment plants is very low, at ap-
proximately 23%. The government has various plans to improve the energy self-sufficiency
of sewage treatment plants; however, energy self-sufficiency and energy supply outside
the city can be achieved only when the energy consumption structure is changed, and
production capacity is secured in facilities. In other words, it is more efficient to change the
energy consumption structure rather than focusing on energy self-sufficiency itself. A total
of 17% of the biogas produced in sewage treatment plants is still burned, and some of the
remaining gases are flared. Therefore, the potential for energy production was investigated
when the use of biogas and waste resources is increased by considering external factors.

Sludge and by-products generated in the water treatment process may be used in
various ways. In particular, the advantage is that it can be supplied by reforming with
hydrogen. Depending on how the water treatment process is operated, the amount of
biogas and solid biomass varies. More biogas production can be expected by efficiently
improving the operation of the digester. Currently produced biogas and solid biomass are
first used in their processes, and some are sold outside, while the rest is discarded (see
Table 2). Therefore, after using discarded energy as efficiently as possible, additional con-
sideration should be given to how to replace energy sources that are utilized by themselves.
For example, rather than using biogas to increase the temperature of the digestion tank,
converting it into hydrogen and the necessary heat using sewage heat and heat pumps can
be considered.

Biogas produced by sewage treatment plants is used as fuel in heating and incineration
facilities in digestion tanks and drying facilities (see Table 4). However, rather than consum-
ing biogas for heating, it is necessary to replace the gas with electricity and unutilized heat,
and converting it into hydrogen and supplied where necessary. This is because the heating
of the digestion tank is sufficient using water heat and heat pumps, and the remaining
power can be supplied for small hydropower, solar power, and solid biomass incineration.
Solar power can be installed using settling tanks, bioreactors, building rooftops, and vacant
sites in sewage treatment plants. The installation can be at a scale of 9,900 m2 per MW
on 15% of a sewage treatment facility area [17,27]. An average height of 2 m at the dis-
charge opening was used for the generation of electricity from small hydroelectric power
plants, and production increased in proportion to the amount of sewage treatment [28].
For biomass, energy production was calculated by applying the dry weight reduction rate
based on 10% of the moisture content of the sludge during drying, reflecting the average
actual calorific value [18,22,29]. Most of the oil and LNG fuels that are externally supplied
are used in engine pumps and are, therefore, are easy to electrify. The additional output
generated in each process is shown in Table 5.
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Table 4. Consumption of Sewage Treatment Plants by Energy Source.

Self-Production External Supply
Total

Electricity Heat Biogas Electricity Oil LNG

Nanji 35 38,275 45,581 68,422 364 0 152,678
Jungnang 519 42,664 101,479 180,759 1630 27 327,077
Seonam 7032 28,151 44,224 146,541 269 252 226,470

Tancheon 3264 11,091 51,240 68,984 52 278 134,909

Table 5. Production of Sewage Treatment Plants by potential energy source (Unit: MWh).

Solar Power 1 Micro-Hydropower 2 Biomass 3 Sewage Heat 4 Biogas 5 Hydrogen 6 Total

Nanji 24,663 885 98,027 236,497 25,045 68,667 453,785
Jungnang 13,299 2008 204,668 536,289 42,229 136,894 935,387
Seonam 27,406 2554 149,595 682,075 70,507 57,629 989,766
Tancheon 10,432 1196 55,194 319,326 11,145 52,993 450,286

1 Solar power generation = Land area (m2) × Solar power area (15%)/Solar power installation area per MW
(9900 m2/MW) × Power generation efficiency (20%) [27]. 2 Small hydro power generation = Sewage treatment
volume (m3/s) × fall ahead from dewatering outlets (2 m) × Gravity acceleration (9.8 m/s2) × Efficiency (80%)
[28,30]. 3 Biomass = throughput of residue (ton/year) × Dry weight reduction rate (based on the percentage
of water content 10%) × Heat generation amount (3300 kcal/kg) [18,22]. 4 Sewage heat = Sewage treatment
amount (m3/s) × Average temperature difference (1 degree) × Water heat (1000 kcal/degree/m3) [31]. 5 Existing
external sales volume, usage to achieve energy self-sufficiency [22]. 6 Hydrogen extraction by modifying the
remaining biogas except for external sales and self-consumption (Applying Osaka gas HYSERVE-300 specification,
subtracting the amount of electricity required for hydrogen reforming) [32].

Energy self-sufficiency for each facility can be achieved by converting additional
energy production and consumption structures. Biogas generated in this process can be
supplied outside the facility. In the current situation where some of the biogas is discarded,
the remaining biogas can be reformed to produce and supply considerable hydrogen on-site
in the city. The hydrogen production potential was calculated as follows:

PH2 =
Re f ormable Biogas

Content o f CH4
× EFF (1)

where Reformable Biogas is the total amount of biogas generated minus essential demand.
Essential demand includes biogas for sale and self-consumption which is difficult to replace
with other energy sources. In general, about 60–70% of the biogas generated in the digester
is composed of CH4. On the other hand, since LNG is composed of 80–99% CH4, the purity
difference between them is reflected [33]. Finally, hydrogen production was calculated by
applying a reforming efficiency of 76%, according to the specifications of the Osaka Gas
HYSERVE-300 model [32].

Hydrogen production can be attained by increasing the operating rate of the digestion
tank. Currently, the residence time at each facility is very widely set from 22.8 to 51.3 days.
This is believed to be because there is no demand for a digestion tank, so the operation rate
is not increased.

3.1.2. Incineration Plant

After collecting waste, the incineration plants identify the reusable/recyclable parts
and incinerate the remaining waste to become energy. Other methods of energizing waste
are to chemically recycle plastic or to manufacture and use solid molding fuels such as
solid refuse fuel (SRF).

From the energy consumption status of the resource recovery facility, the LNG and
electric power required for the facility are supplied from outside (Table 6). The incineration
plants produce and supply power and heat through the incineration of waste, but do not
recover the energy of all incinerated wastes. The amount of heat generated by the waste
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brought into the incineration facility is 2842 kcal/kg, which is higher than the design heat
generated by the incineration facility of 2694 kcal/kg [29]. However, it is much lower
than the average caloric value of 3992 kcal/kg of waste injected into a standard plastic
garbage bag.

Table 6. Production of Incineration Plants by potential energy source (Unit: MWh).

Energy Sales Utility Usage
Total

Waste Heat Electricity LNG Electricity

Gangnam 550,638 0 4268 25,685 580,591
Nowon 319,210 0 1820 17,122 338,152
Mapo 357,369 307 2085 19,438 379,199

Yangcheon 194,866 2219 10,582 9252 216,919

In this study, when the design caloric value of the incineration facility was applied,
and the energy that could be recovered to the maximum from the current incineration
amount was estimated as an additional production potential. In addition, it was assumed
that solar power generation using unused land is feasible. Beyond consuming the energy
needed for the facility, surplus energy can be used to produce hydroelectric hydrogen. This
is because the heat energy of 200 ◦C or more generated in the process of the incineration
plants can be used to increase the production efficiency of hydrogen.

Incineration plants are also actively promoting underground facilities. Fifty percent
of the land area can be used as ground space, of which 2462 MWh of electricity can be
generated annually, assuming that solar power is supplied to 15% of the area. Assuming
that all energy from the waste being incinerated can be recovered without considering the
loss of heat from the waste, the additional potential energy expected is 664,804 MWh. The
additional power produced by the incineration plants is expected to reach 284,204 MWh of
hydrogen (see Table 7).

PH2 = (∑ EProduction − ∑ EConsumption )× RElectricity × EFF (2)

where Eproduction is the sum of the PV production and the energy produced by waste
incineration, and the amount of energy generated by waste incineration was recalculated
based on the design calorific value. Equation (2) means that the facility achieves energy
independence, maintains the existing external energy supply, and uses the excess energy
to produce hydrogen. It is assumed that the excess energy is produced in the same
proportion of electricity and heat, and the produced electricity is used for water electrolysis
to produce hydrogen.

Table 7. Energy self-sufficiency and Hydrogen Production in an incineration plant (Unit: MWh).

Self-Consumption Production and Supply

Facility Operation Water Electrolysis Heat Hydrogen

90,252 332,402 1,754,485 284,204
The water electrolysis facility uses SOEC technology developed by Bloom Energy, and when supplying an external
heat source of 120 degrees, it can obtain a high hydrogen production efficiency of 85.5% [26].

3.2. Additional Utilization of Waste Resources and Contribution to Energy Self-Sufficiency

The proportion of energy produced using organic waste resources is currently very
low. However, as the government plans to increase the proportion of energy sources, energy
production through the facilities is expected to increase significantly. To make full use of
existing facilities, it can be considered by expanding the method of increasing the operation
rate or expanding the size of existing treatment facilities [34]. This is because the size of
the current treatment facility is insufficient to treat (energy) generated waste. Therefore,
it is estimated that the potential of waste resources can be strengthened by the following
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two-step plan: (1) strengthen the operation rate under the same facility size condition; (2) add
new waste resources and facilities (integrated treatment of food waste, excrement, etc.)

In the case of sewage treatment plants, the operation rate is currently very low [23].
The amount of biogas thrown away after not being used is considerable. If hydrogen
is to be produced and supplied smoothly through biogas, as in this study, it would be
economical to increase the operation rate to meet the demand for hydrogen. Currently,
the input amount of each sewage treatment plant compared to the digestive tank capacity
varies from 1/22 to 1/51. In general, it can be seen that the facility is not fully utilized
when comparing the stay period within 30 days in the digester tank. If the facility operates
under the conditions of a stay of 30, 25, and 20 days, additional biogas production will
occur, which can lead to hydrogen production potential.

Further analysis was conducted assuming that the expansion of the digestive tract
to the level planned by the government was considered [16]. As shown in Table 8, it was
calculated that hydrogen production would be 2.11–3.05 times and 1.83–3.41 times higher,
respectively, in the two cases as follows. In addition, when both methods are applied
simultaneously, hydrogen production can be increased by up to 7.61 times (see Figure 4).
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Table 8. Hydrogen production potential of Sewage Treatment Plants according to operating condi-
tions and treatment facilities (Unit: MWh).

Current
Status

(1) Increased Utilization
(Duration of Stay) (2) Expansion of Processing Facilities

30 25 20 50% 100% 150%

Nanji 68,667 99,738 99,738 113,688 118,410 168,153 217,896
Jungnang 136,894 204,259 245,110 306,388 231,323 325,753 420,183
Seonam 57,629 247,573 297,087 371,359 129,825 202,021 274,217

Tancheon 52,993 114,282 137,138 171,423 100,060 133,414 166,767
Total 316,183 665,851 779,073 962,857 579,619 829,341 1,079,063

A similar method was applied to incineration plants to review the additional use of
waste. First, this study looked at the potential for additional energy production when the
current incineration facility operation rate of 71–89% is increased to 100%. In addition,
the potential amount when the proportion of landfill is reduced and the incineration
is increased was examined. Currently, Seoul’s waste is treated at a rate of 88, 5.6, 4.2,
and 2.1%, in the order of recycling, incineration, landfill, and others. Since reclamation
is a concept of sending waste generated in cities to the outside for disposal, if waste is
converted into resources it can be considered that internal resources are leaked to the
outside. Therefore, it was considered to expand the proportion of incineration under the
premise that all internally generated wastes are treated internally. As shown in Table 9
below, hydrogen production increases by 1.41–1.82 times when the utilization rate is
increased, and by 2.24–3.47 times when incineration is expanded. In addition, hydrogen
production is expanded up to 4.91 times through the combined application of these two
factors. In addition to the production of hydrogen, the production of heat energy is also
expanded at a similar rate (see Figure 4).

Table 9. Hydrogen production potential of Incineration Plants according to operating conditions and
treatment facilities (Unit: MWh).

Current
Status

(1) Increased Utilization
(Duration of Stay)

(2) Expansion of Incineration Treatment
(Reduction of Landfill Ratio)

90% 100% −50% −100%

Gangnam 83,787 87,517 124,819 208,974 334,161
Nowon 89,840 152,567 185,581 178,228 266,616
Mapo 68,997 111,569 141,977 156,142 243,288

Yangcheon 41,580 49,481 65,283 92,228 142,875
Total 284,204 401,133 517,660 635,572 986,940

Seoul’s energy self-sufficiency level is about 5%, and most of the energy is externally
supplied. The current environmental infrastructure has a high proportion of external
energy supply. However, the potential energy production of environmental infrastructure
is significant, and facility’s energy self-sufficiency, as well as the remaining energy, can be
supplied to the surrounding area. In particular, since waste resources in cities are generated
in proportion to the number of people, the potential for waste utilization in cities with high
population density is higher.

This study classified the energy consumption of Seoul into a certain area scale (see
Table 10) and investigated the effect on the surroundings through changes in the facility.
In addition, it analyzed to what level the energy self-sufficiency rate could be improved
through the use of additional waste resources.
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Table 10. Consumption by energy source per km2 of Seoul. (Unit: MWh).

Coal Oil Gas Electricity Thermal Energy Renewables & etc. Total

798.7 87,576.3 76,668.4 75,608.5 9320.0 5698.8 255,671

The results of examining the energy self-sufficiency in a certain area where the basic
environmental facilities are located are shown Table 11 below. Sewage treatment plants
can produce about 2.8–4.3 times more energy than each facility needs, and incineration
plants can produce 15.3–28.1 times more energy. The water treatment process at the sewage
treatment plant takes approximately a month, and the size of the facility is inevitably
increased due to the large volume of water, while the incineration plants can produce much
energy in a relatively small area.

Table 11. Effect of energy self-sufficiency in surrounding areas based on increase in hydrogen energy
production.

Category Name
Extent
(km2)

Self-Consumption
(MWh)

External Supply (MWh) Additional Areas Where Energy
Self-Sufficiency Achieved (km2)

Minimum Maximum Minimum Maximum

Sewage
treatment

plants

Nanji 0.929 152,678 301,107 516,659 1.18 2.02
Jungnang 0.501 327,077 608,311 1,237,386 2.38 4.84
Seonam 1.032 226,470 763,296 1,634,064 2.99 6.39

Tancheon 0.393 146,054 315,377 690,941 1.23 2.70

Incineration
plants

Gangnam 0.063 29,953 732,421 881,155 2.86 3.45
Nowon 0.046 18,942 514,126 942,821 2.01 3.69
Mapo 0.058 21,523 507,064 805,584 1.98 3.15

Yangcheon 0.016 19,834 285,078 400,187 1.12 1.57

This increase in energy production has a significant impact on energy self-sufficiency
in the surrounding area, and energy self-sufficiency is possible for an additional area of up
to 5.6 times and 63.9 times compared to the facility area of each sewage treatment and an
incineration plant.

Increased production of electricity, heat, and hydrogen in environmental infrastruc-
tures can contribute to achieving net zero in cities. This is because most of the oil con-
sumption is concentrated on transportation fuel, and gas is used for heating buildings. The
expansion of the supply of electric vehicles can dramatically increase the reduction of final
energy consumption due to differences in efficiency, and the supply of thermal energy can
also significantly reduce the use of gas. In addition, hydrogen is used as fuel for large
passenger and cargo vehicles, which can have a significant carbon reduction effect, similar
to electric vehicles.

4. Conclusions

Urban areas, which account for more than 70% of global greenhouse gas emissions,
must promptly improve their energy systems to achieve their carbon-neutral goals by 2050.
Efforts to reduce consumption by increasing energy efficiency are necessary, but it is also
important to identify embedded energy sources and utilize them. This study discovered
the possibility of implementing waste to energy.

Environmental infrastructures are sources of air pollution and odors, and citizens
are reluctant to locate these facilities near their residences. However, since these infras-
tructures are essential facilities for maintaining healthy urban functions, it is necessary
to use them and their sites to benefit residents. Sewage treatment and waste incineration
plants consume, and also have abundant, embedded energy. Therefore, they can transmit
abundant energy not only to the area where the facility is located but also to neighboring
areas. Moreover, since developing a city’s circular economy system is important, “waste to
energy” should be the main policy for the municipalities.
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This study analyzed the case of Seoul. All major cities have sewage treatment and
incineration plants as essential facilities. Installation of energy production facilities in the
environmental infrastructure could achieve waste to energy.

There are additional benefits to reducing the total energy load on cities. Cities can
produce more energy in an eco-friendlier manner if they change the operational modes
and treatment methods. In this respect, the environmental infrastructure is suitable for
urban net zero and various energy supply facilities. The progress of urbanization and the
increase in resource consumption are factors that eventually increase the generation of
waste, and it can be expected that the potential as an energy source for these facilities will
gradually increase. The use of waste from cities as energy is ideal for resource circulation,
and desirable for increasing energy self-sufficiency in cities.

Sewage treatment plants can produce biogas through fermentation tanks. Inside the
complex, small-scale hydroelectric generators can be installed using waterfall height, as
well as solar photovoltaic (PV). Hydrogen can be produced by reforming the produced
biogas. Waste incinerators can produce heat and electricity through cogeneration generators
that use waste as fuel. Electrolysis can use this electricity to produce hydrogen. When a
city needs to provide hydrogen, the environmental infrastructures within cities can be the
on-site hydrogen production facilities.

In the case of Seoul, the environmental infrastructure currently in operation can
increase energy production through changing the operational mode or increasing the
facility capacity. This would allow for delivery of excess energy to neighboring areas.

According to our results (Table 11), potential surplus energy from the sewage treatment
plants is more than its self-consumption by 1.9 times (Jungnang plant) and up to 7.2 times
(Seonam plant). The surplus energy production potential of the incinerator is much greater,
ranging from a minimum of 24.5 times (Gangnam plant) to a maximum of 49.8 times
(Nowon plant). Sewage treatment plants have high production potential, but the energy
consumption required for the process of purifying water is much higher than that of waste
incineration plants.

In this process, potential hydrogen production in sewage treatment plants is currently
316,183 MWh, but can be increased up to 1,079,063 MWh through process improvements
or facility expansion (Table 8). In the incineration plant, the current 284,204 MWh potential
can be increased to a maximum of 986,940 MWh through process improvements or facility
expansion (Table 9).

With the aging of environmental infrastructure facilities in Seoul, plans to improve
these facilities have been promoted recently. However, major discussions on the purpose of
environmental improvement are limiting progress. It is desirable to change the direction of
the discussion toward improving operational methods to produce more energy. Consid-
ering the long lifespan of environmental facilities, facility replacement is needed to take
into consideration long-term policy targets. As discussed in this study, more investment
is needed to achieve long-term targets such as contributing to carbon neutrality by 2050
while increasing self-sufficient energy production in the city.

Furthermore, this study highlighted the advantage of supplying hydrogen to the city
center. Hydrogen can play an important role to respond to the intermittency of renewable
energy. Depending on the demand for hydrogen, the facilities can decide what forms of
energy are produced, including electricity, heat, and hydrogen. The role of environmental
infrastructure, which has been limited to maintaining urban functions, can be expanded to
energy supply as well.

Realizing this potential requires policies that implement them. First, we need to form
a consensus with citizens on the importance of carbon neutrality and the role of cities [35].
Neither the carbon-neutral goal nor the energy self-sufficiency policy can be implemented
without the consent of the citizens. Next, safety issues that may accompany hydrogen
production should be considered most importantly, and accident prevention methods
should be implemented as much as possible. Gas explosions are a potential threat, and
citizens generally do not want gas facilities near their residences. In addition, various
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measures to increase the acceptance of residents should be developed and discussed with
citizens. Transparent information disclosure is the key, and environmental infrastructure
needs to be designed in a way that enhances the amenities of citizens. Policies implemented
by the city must always be based on citizen participation in order to be sustainable. For
example, providing more green areas and civic spaces using these facilities have the
advantage of increasing citizens’ acceptability.

In this study, the analysis was focused on the aspect of energy consumption. We inves-
tigated approximate hydrogen production potential based on the current environmental
infrastructure facility size and treatment status in Seoul. Under the circumstances assumed
in this study, the theoretically possible production volume was explored, but uncertainty is
inherent depending on changes in the detailed situation of the city. The city has already
been maintained for a long time, and it is designed and operated as per the purpose of each
area. Depending on the purpose of the area, the type of building and energy consumption
characteristics may vary. That is, not only the energy consumption characteristics of the
region, but also the method for achieving carbon neutrality, may vary depending on the
type of basic infrastructure facilities discussed in this study. Therefore, in future studies,
the boundaries of the study area should be widened to analyze a carbon-neutral model
reflecting the use of land and buildings in a certain area.
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Abbreviations

m2 square meter
km2 square kilometers
Nm3 Normal cubic meter
kTOE Kilo ton of oil equivalent
kcal Kilocalorie
MW Megawatt
MWh Megawatt hour
t metric ton = tonne = 1000 kg
MLE Modified Ludzack Ettinger
A2O Anaerobic anoxic aerobic
SRF Solid refuse fuel
SOEC Solid oxide electrolysis cell
LNG Liquified natural gas
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