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Abstract—The paper considers the technology of condensation
cleaning of flue gases during the combustion of municipal solid
waste using pure oxygen. This combination allows to overcome the
limitations of traditional combustion schemes in air, in which a
high proportion of nitrogen reduces the partial pressure of water
vapour, limiting the potential for condensation and purification.
Using modelling in the Aspen HYSYS environment, a study was
conducted on the effect of the oxidizer composition and waste
moisture on the condensation efficiency and the composition
of the purified flow. It was shown that the replacement of
air with oxygen leads to a noticeable increase in the partial
pressure of water vapour, which initiates condensation at higher
temperatures and increases the volume of condensate. This
creates favourable conditions for the simultaneous removal of
a number of pollutants, as well as obtaining an exhaust with
an increased CO2 content. Design and operational aspects of the
technology implementation are discussed, including the effect of
cooling temperature, heat recovery capabilities and prospects for
application near cold water bodies. This integrated approach
not only simplifies the flue gas cleaning system, reducing capital
and operational costs, but also positions waste incineration as a
carbon-negative technology when combined with carbon capture,
utilization, and storage, offering a sustainable pathway for waste
management and industrial decarbonization.

Keywords—municipal solid waste, waste-to-energy, oxy-fuel
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I. INTRODUCTION
The utilization of municipal solid waste (MSW) by

high-temperature oxidation with subsequent energy recovery
(Waste-to-Energy, WtE) is an important component of the
strategy for sustainable waste management and the transition
to a low-carbon economy [1], [2]. However, the environmental
acceptability of WtE technologies directly depends on the
efficiency of flue gas cleaning from a wide range of pollutants
[3]: fine particles (PM2.5, PM1.0), acid gases (NOx, SO2, HCl,
HF), as well as highly toxic trace elements, primarily mercury
(Hg) and other volatile metalloids (Se, As, Pb) [4], [5]. Tradi-
tional multi-stage gas cleaning systems (e.g. combinations of
cyclone/electrostatic precipitator/bag filter + dry/semi-dry/wet
scrubber + NOx catalytic reduction unit + activated carbon
absorber) allow achieving the required emission standards, but
are highly complex, have significant capital and operating costs,

and consume a lot of energy [5], [6], [7], [8]. This makes it
important to search for integrated flue gas cleaning solutions.

A promising direction is the use of the process of controlled
condensation of water vapour during cooling of flue gases in
surface heat exchangers. Intensive condensation can induce
a number of accompanying physicochemical processes that
facilitate the removal of impurities. Submicron and ultrafine
particulate matter, including soot, ash, and condensed heavy
metals, act as preferential nucleation sites for condensing water
vapour when the gas is cooled below its dew point [9]. Many
problematic flue gas impurities are highly soluble in water or
acidic solutions, including sulphur dioxide (SO2), hydrogen
chloride (HCl), hydrogen fluoride (HF), ammonia (NH3), and
oxidized forms of mercury (HgCl2, HgO) [10].

Carbon capture, use, and storage technologies (CCUS) are
recognized as critical to achieving global climate goals, par-
ticularly in difficult-to-decarbonize industries such as cement
and steel production. The efficiency and economic feasibility
of these technologies directly depend on the initial CO2
concentration in the gas stream. The higher the carbon dioxide
concentration, the lower the energy consumption and the cost
of its subsequent separation [11], [12]. Therefore, increasing
the CO2 concentration in process streams, achieved in particular
through the use of nitrogen-free combustion methods [13], is a
key factor determining the cost-effectiveness and scalability of
CCUS technologies for deep energy decarbonization.

Oxy-fuel combustion, characterized by using high-purity
oxygen instead of air as an oxidizer, has emerged as a leading
pathway for facilitating CCUS in power generation and hard-to-
abate industries. Recent techno-economic analyses underscore
its potential to generate a highly concentrated CO2 stream,
thereby significantly reducing the energy penalty and costs
associated with the capture stage compared to post-combustion
capture from diluted flue gases [14], [15]. In the specific
context of waste-to-energy systems, the integration of oxy-fuel
technology is increasingly recognized as a strategic method
for achieving carbon-negative waste disposal, particularly when
combined with advanced power cycles [16]. However, while
the benefits for CO2 concentration are well-documented, the



synergistic potential of oxy-fuel combustion to simultaneously
enhance flue gas cleaning processes remains less explored.
However, the efficiency of this approach in traditional air
combustion schemes is fundamentally limited by the low partial
pressure of water vapour (p(H2O)) due to the high content
of ballast nitrogen (N2) in flue gases. Dilution of N2 reduces
p(H2O), the dew point and, as a consequence, the condensation
rate and the volume of the formed condensate, minimizing the
cleaning potential.

In this paper, we study a technology that overcomes this
limitation - the use of a condensing surface heat exchanger
(e.g., a shell-and-tube type) in combination with nitrogen-free
(oxy-fuel) MSW incineration. When replacing atmospheric air
with an oxidizing environment, the composition of flue gases
changes dramatically: the main components become CO2 and
H2O, which leads to a sharp – several times – increase in
the partial pressure of water vapour (p(H2O)) compared to air
combustion [17]. This work is devoted to the comparison of the
intensity of water vapour condensation in the combustion gases
of a WtE station in a condensation filter for different nitrogen
concentrations in the combustion chamber.

II. METHODOLOGY

We considered the exhaust gas stream from the incinerator,
which had already passed through one heat exchanger to heat
the steam before being fed to the turbine to generate electricity.
The parameters of this incoming stream to the condenser were
taken as 𝑇𝑖𝑛𝑙𝑒𝑡 = 200◦C, 𝑃𝑖𝑛𝑙𝑒𝑡 = 103 kPa.

Fig. 1. Flow diagram of the flue gas stream entering the condensation module
after primary heat recovery, as implemented in the Aspen HYSYS simulation
environment.

As depicted in Figure 1, the post-combustion flue gas is
directed into a surface condenser unit for further cooling and
partial condensation. In this case, the gases passing through
must give off heat q1. This situation can be resolved in different
ways, depending on the location of the incineration plant and
other factors. Perhaps this rather difficult-to-use heat will be
recovered in some way. Considering that the efficiency of the
condensation filter decreases with increasing temperature of the
gas leaving it, and cooling below the ambient temperature can be
energy-consuming, it may be advantageous to locate the stations
near cold reservoirs, if possible. Passing large volumes of water
from a cold river or ocean can become a cheap and energy-
efficient cooling system.

The condensation system configuration was digitally im-
plemented and analysed using Aspen HYSYS to assess the
behaviour under varying nitrogen content scenarios. We used
Flash Separator unit to get full information on the vapour and
liquid fractions after the condenser.

The composition of the gases leaving the combustion chamber
is determined by the composition and humidity of the incoming
waste and the composition of the gas flow with which oxygen is
supplied. We used the average stoichiometric formula C8H14O5
for waste. In this case, the combustion reaction can be written
as

C8H14O5 + 9 O2 7 H2O + 8 CO2. (1)

Table I shows the molar composition of combustion gas
mixture depending on the humidity of the incoming waste
and the oxygen source (pure oxygen, 50% oxygen content,
atmospheric air). An excess of oxygen of 30% is assumed.

TABLE I
Molar Composition of Combustion Gases

Conditions Outlet Composition
O2, 0% moisture 7 H2O + 8 CO2 + 3 O2

O2, 32% moisture 12 H2O + 8 CO2 + 3 O2
50% O2, 0% moisture 7 H2O + 8 CO2 + 3 O2 + 12 N2

50% O2, 32% moisture 12 H2O + 8 CO2 + 3 O2 + 12 N2
Air, 0% moisture 7 H2O + 8 CO2 + 3 O2 + 44 N2

Air, 32% moisture 12 H2O + 8 CO2 + 3 O2 + 44 N2

For each variant of combustion conditions, dependences
of the intensity of water condensation and the concentration
of carbon dioxide in the resulting gas flow were constructed
depending on the cooling temperature.

III. RESULTS
Figure 2 shows the dependence of the mass fraction of

condensed water on the mass of the entire combustion gas flow
depending on the temperature to which this flow is cooled. Part
(a) shows the results for pre-dried waste, part (b) - for waste
with a moisture content of 32%. Combustion in pure oxygen,
atmospheric air and oxygen-enriched atmospheric air with an
oxygen content of 50% was considered.

It can be seen from the figure that condensation starts in the
case of combustion in pure oxygen when cooled below 80 ◦C in
the case of dry waste and 85 ◦C in the case of wet waste. When
burning in atmospheric air, condensation begins at temperatures
of 50 ◦C for dry waste and 60 ◦C for wet waste. It is obvious
that combustion in pure oxygen looks preferable, especially in
regions with warm climates, when it can be energy-consuming
to significantly cool the combustion gases. In case of a successful
location of the waste incineration plant near a large cold reservoir
(northern rivers, cold sea), the possibility of cooling combustion
gases to temperatures below room temperature opens up. When
cooling to 0 ◦C in the case of combustion of dry waste in pure
oxygen, the intensity of condensation is 3.4 times higher than
when burning in atmospheric air. When cooling to 20 ◦C, the
ratio is 3.8, and at 40 ◦C - 7 times. In the case of combustion
of waste with a humidity of 32% in pure oxygen and cooling



to 0 ◦C, the intensity of condensation is 2.9 times higher than
when burning in atmospheric air. When cooling to 20 ◦C, this
ratio is 3.1, and at 40 ◦C - 4.1 times.
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Fig. 2. Dependence of the mass fraction of condensed water in the total flue
gas flow on the cooling temperature: (a) for pre-dried waste; (b) for waste with
a humidity of 32%. Combustion modes in pure oxygen, atmospheric air and
atmospheric air enriched with oxygen (50% O2) are considered.

Figure 3 shows the mass content of carbon dioxide in the
combustion gases after passing through the condensation filter
after the combustion of dry waste. It is clear that as the
nitrogen content decreases, the proportion of carbon dioxide
in the exhaust increases. The higher the concentration of carbon
dioxide in the gas mixture, the easier it is to capture it for further
use [18], [19].

IV. DISCUSSION
The obtained results demonstrate the fundamental advantages

of integrating condensing surface heat exchangers into the
process flow diagram of waste incineration plants operating
in the oxy-fuel mode (O2/CO2) compared to traditional air
combustion. The elimination of nitrogen (N2) from the oxidizing
environment significantly enhances the condensation of water
vapour in the flue gases.

A sharp increase in the partial pressure of water vapour
(p(H2O)) during oxy-fuel combustion (up to 4 times) leads to a
significant increase in the dew point temperature. This causes
condensation to begin at temperatures 25-35°C higher (80-85°C
versus 50-60°C), which may be critically important from the
energy efficiency point of view. A significant reduction in the
required cooling depth to initiate condensation is especially
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Fig. 3. Mass content of carbon dioxide CO2 in flue gases after passing the
condensation filter. Results are shown for dry waste incineration with different
nitrogen contents (atmospheric air, 50% O2, pure O2) at different cooling
temperatures.

important for regions with a warm climate, where deep cooling
of gases is energy-consuming. This effect is directly related to
an increase in the driving force of the condensation process
(the difference between p(H2O) and the saturation pressure)
and is expected to enhance the accompanying processes of
pollutant removal (aerosols, acid gases, volatile metals) due to
their capture in the increasing volume of condensate.

The condensing heat exchanger can act as an efficient
preliminary (or even primary) device for removing a wide
range of pollutants, potentially reducing the load on subsequent
traditional cleaning stages (scrubbers, filters, absorbers) and the
associated capital and operating costs.

The most important additional benefit of the technology is
the increase in the concentration of carbon dioxide (CO2) in
the dried flue gas after the condenser with a decrease in the
nitrogen content in the oxidizer. As shown in Fig. 3 for dry
waste, the mass fraction of CO2 reaches high values, which
creates ideal conditions for its subsequent CCUS. Classical
municipal solid waste incineration schemes, according to the
literature, yield flue gases with a carbon dioxide content of
about 12 wt%, which is consistent with the results obtained from
our atmospheric-combustion modeling. Evidently, switching to
oxy-fuel (pure-oxygen) combustion would dramatically reduce
CO2 capture costs. The integration of condensation cleaning
with oxyfuel incineration of MSW allows WtE plants to be
considered not only as sources of renewable energy, but also as
nodes for obtaining a concentrated flow of CO2, which is a key
element of the decarbonization strategy and achieving carbon
neutrality or even negativity.

The results confirm the expected effect of incoming waste
humidity. Higher raw material humidity increases the H2O
content in flue gases, which shifts the onset of condensation to
slightly higher temperatures and increases the absolute volume
of condensate. However, the relative advantage of the oxy-fuel
mode over the air mode in terms of condensation intensity
(increase factor) is somewhat reduced for wet waste, especially
with deeper cooling. Nevertheless, the absolute gain remains
quite significant. It was shown that in the case of using pure
oxygen, it is possible to burn waste without preliminary drying,



which will increase the efficiency of condensation filtration.
The presented process flow diagram demonstrates high poten-

tial for the development of energy-efficient and environmentally
sustainable MSW disposal systems. Its application is particu-
larly promising in plants located near cold sources (large cold
water bodies, northern regions), where deep cooling of gases
to temperatures below 10 °C is possible with minimal energy
consumption, maximizing both condensation and CO2 concen-
tration. Key issues for further research and implementation
remain the optimization of the condenser design (minimization
of corrosion, deposits, increase in heat transfer), detailed
assessment of the removal efficiency of specific pollutants in the
condenser, as well as a comprehensive technical and economic
analysis taking into account the costs of oxygen production
and the benefits of simplifying gas cleaning and implementing
CCUS.

V. CONCLUSIONS
The conducted study proved that the integration of oxy-fuel

combustion of MSW with condensing surface heat exchangers
overcomes at least one limitation of traditional air combustion.
The technology ensures a significantly earlier start of water
vapour condensation (at 80-85°C versus 50-60°C with air
combustion), eliminating the need for strong gas cooling. At
the same time, the condensation intensity increases several
times, significantly enhancing the potential for cleaning flue
gases from pollutants due to the increase in the volume of the
formed condensate. A high concentration of CO2 is achieved
in the dried stream, which greatly simplifies and reduces the
cost of its subsequent capture. Thus, the proposed solution
is an energy-efficient and environmentally friendly alternative
to complex traditional gas cleaning systems, contributing to
the development of sustainable low-carbon technologies in the
waste-to-energy sector.

The significant simplification of the flue gas cleaning train
is expected to translate into lower capital and operational
expenditures compared to conventional multi-stage systems.
While the energy cost of oxygen production remains a key
factor for economic feasibility, the concurrent reduction in
carbon capture costs and the potential for carbon-negative
operation create a compelling case for this technology. Further
research should focus on optimizing heat integration, mitigating
corrosion issues in the condenser, and validating the removal
efficiency of specific pollutants at pilot scale. The proposed
system represents a strategic step towards transforming waste-
to-energy plants into key nodes for carbon management within
the circular economy.
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