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Summary. Purpose. The purpose of this article is to substantiate a management approach for improving the energy efficien-
cy of residential buildings in line with sustainable development principles. The study focuses on wastewater heat recovery as 
an alternative heat source for residential heating, aiming to evaluate its technical, economic, and environmental feasibility and 
contribution to energy transition and post-war reconstruction in Ukraine.

Materials and Methods. The research applies a comparative and case-based analytical method to evaluate wastewater heat 
recovery potential for a residential building. The methodology includes thermodynamic and financial calculations, estimation of 
CO₂ emission reductions, and assessment of system performance based on seasonal heating demand. The analysis integrates 
sustainability criteria — economic (cost reduction), environmental (emission mitigation), and social (comfort and affordability) — 
to provide a holistic evaluation framework.

Results. The results confirm that wastewater heat recovery systems offer significant potential for energy efficiency improve-
ment in the residential sector. The analyzed system covered heat demand, reduced heating costs, and decreased CO₂ emissions. 
In addition to measurable environmental and economic benefits, the system enhances residential comfort, affordability, and 
energy security — crucial for Ukraine’s post-war recovery and EU integration.

Discussion. The findings highlight wastewater heat recovery as a viable, sustainable, and scalable energy solution for urban 
housing. However, the study’s limitations include its single-case nature, simplified assumptions regarding tariffs and emission 
factors, and the absence of detailed consideration of maintenance, fouling, and operational challenges. Future research should 
expand to multi-building or district-scale systems, incorporating lifecycle cost-benefit analysis, monitoring of long-term perfor-
mance, and integration with smart municipal energy management frameworks. Additionally, financing mechanisms and engi-
neering optimization of heat exchangers and filtration systems warrant further exploration.

Conclusions. Developing wastewater heat recovery technologies represents an important step toward achieving energy effi-
ciency and sustainability in the residential sector. The proposed case demonstrates that such systems can significantly contribute 
to reducing fossil fuel dependency and carbon emissions, while supporting local energy resilience. The integration of wastewater 
heat recovery into urban energy systems should therefore be prioritized within national energy efficiency programs and EU-
aligned climate policies to accelerate Ukraine’s transition to a low-carbon, resource-efficient, and socially inclusive energy model.
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Problem statement. Achieving a fair and rapid 
energy transition requires not only expanding 

the share of renewable energy sources (RES), but also 
increasing the efficiency of using existing energy re-
sources in production, supply and consumption [1]. 
One of the key areas of such efficiency is the use of 
secondary energy resources, in particular waste water 
heat, which is often lost without benefit.

Empirical studies show that the introduction of re-
newable sources without a parallel increase in energy 
efficiency does not provide the expected effect — sys-
tem costs increase, technological losses increase, and 
decarbonization slows down. Therefore, along with the 
development of solar, wind and bioenergy, it is import-
ant to use local low-potential heat sources — for ex-
ample, wastewater, industrial waste heat, ventilation 
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flows. Such solutions do not require significant areas 
and allow reducing fossil fuel consumption in heating 
systems of buildings and enterprises.

From the point of view of the energy system, re-
source efficiency is a tool for balancing supply and 
demand. Heat recovery technologies and waste water 
heat pumps can reduce peak loads on the power grid, 
stabilize consumption and reduce CO2 emissions. This 
approach combines alternative energy with the princi-
ples of the circular economy, where energy from waste 
becomes part of the overall energy efficiency of a city 
or enterprise.

Therefore, the efficiency of energy consumption — 
in particular through the use of waste water heat — 
should be considered as an integral element of the 
energy transition. This not only reduces overall energy 
costs, but also ensures sustainable, locally oriented de-
velopment of energy infrastructure, increasing energy 
security, accessibility and environmental friendliness.

Literature review. Today, the topic of energy effi-
ciency in residential areas is widely covered in academ-
ic work. A bibliometric review of research on energy 
efficiency [2] concludes that achieving energy efficiency 
toward sustainable buildings is a hot topic in the sus-
tainable development area, and underlines the need for 
future research in the field. Authors of article [3] ex-
amined sustainable building design and found that it 
is accompanied by the use of emerging energy sources 
such as solar, wind, hydrogen, and geothermal resourc-
es. Article [4] reported 25% higher energy savings and 
46.8% lower CO2 emissions for the green option by 
comparing a green-building model with a conventional 
one. Authors of the article [5] also address sustainable 
design and technologies that use alternative energy 
sources to enhance energy efficiency. Prospects for the 
deployment of alternative energy sources are framed 
in article [6,7] and normative documents [8].

Practical applications of alternative energy for 
building heating are likewise covered in the literature. 
Voloshchuk V. and Hrytsyna O. [9] discuss the concept 
of fourth-generation district heating, including tech-
nologies that use energy from wastewater, and view 
sewerage and heat supply systems as components of 
a single urban life-support complex. Author’s team of 
article [10] present the potential of wastewater heat 
recovery at different points in the water cycle (heat 
exchangers and/or heat pumps) to reduce heating de-
mand. They show that, at the individual-building level, 
economic feasibility is limited and that studies jointly 
addressing energy, economic, and environmental as-
pects remain scarce. Łokietek et al. (2023) [11] present 
the heat-recovery potential at a Polish wastewater 
treatment plant as a case study. Thus, one promising 
area is the use of heat from sewage, which is typically 
discharged without beneficial use.

The relevance of this topic is supported by inter-
national data. According to the International Energy 
Agency [12], district heating accounts for around 10% 

of building heating worldwide. Fuels and sources used 
include fossil fuels, waste heat from power generation 
and industry, sewage, data centres, and renewable en-
ergy. In Europe, there are over 6,000 district-heating 
networks, covering about 11% of heating demand. Many 
countries have already implemented sewage heat-recov-
ery technologies in municipal and public sectors. For 
example, in Switzerland, a heat-pump system uses sew-
age heat for district heating of apartment buildings and 
schools [13], reducing natural-gas consumption by 70% 
and CO2 emissions by 40% [14]. In Stockholm, about 
98% of heating is provided from renewable or recovered 
waste heat using large-scale heat pumps. In Paris, un-
der the Seine Amont project, heat exchangers installed 
in sewers supply heat to municipal buildings, including 
schools and swimming pools [15]. In the Netherlands 
(Amsterdam), a large-scale sewage heat-recovery sys-
tem supplies heat to entire residential areas as part of 
the city’s 2050 climate-neutral strategy; wastewater at 
around 20 °C can be used, and separating hot and cold 
streams can improve efficiency [16]. In Tokyo, a system 
recovers heat from sewage to warm subway stations 
and municipal buildings, supported by a government 
energy-efficiency program [17].

Research on existing wastewater heat-recovery 
(WWHR) systems worldwide also shows substantial 
savings potential — primary energy consumption can 
be reduced by up to 50% [18]. Studies in low-carbon 
neighborhoods on the outskirts of Paris found that 
a heat-pump system covered about 75% of annual 
heating needs, with recovered energy accounting for 
30–40% of monthly primary energy consumption, and 
four-times lower CO2 emissions versus a gas-only sys-
tem [19]. In sum, using sewage for heating is innova-
tive but already proven in developed countries. For 
Ukraine, especially amid ongoing conflict and con-
strained access to traditional fuels, the approach is 
relevant, economically viable, and environmentally 
safe. Its implementation would strengthen energy in-
dependence, reduce CO2 emissions, and lower operat-
ing costs for building heating.

Recent scholarship demonstrates how the sustain-
ability lens has reshaped energy-efficiency manage-
ment from a purely technical focus (e. g., kWh/m² via 
insulation and equipment upgrades) to a strategic le-
ver for sustainable development [20–22]. An improved 
management view integrates organizational, financial, 
and behavioral drivers [23]. Within this framework, we 
assess the technical, economic, energy, and environ-
mental performance of wastewater heat recovery for 
space heating as an alternative source consistent with 
sustainability criteria [24]. Because implementing sus-
tainability principles entails change, it is important to 
study readiness — drawing on international experience 
and evaluating domestic potential, including in Ukraine.

Thus, recent scientific research is increasingly fo-
cused on identifying and applying alternative energy 
sources to enhance energy security and sustainability. 
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Among these, the use of recovered heat from waste-
water in urban sewer systems has become a rapidly 
developing practice in many foreign countries. This 
highlights both the relevance and novelty of the inves-
tigated topic, as in domestic practice such applications 
remain relatively rare. The issue of utilizing thermal 
energy from wastewater requires a deeper technical 
and economic analysis. However, considering a specific 
case study will allow for demonstrating the tangible 
results and potential of this alternative energy asset 
for decentralized energy supply.

The purpose of the article is to substantiate the 
management approach for improving the energy effi-
ciency of residential premises, considering the criteria 
of sustainable development, based on a study of the 
use of wastewater heat recovery for heating residential 
premises. To achieve this goal, the article substanti-
ates the relevance of using alternative sources of heat 
supply in residential buildings and describes a method 
for determining the amount of energy required to heat 
a residential building based on the use of heat from 
municipal sewage wastewater, and demonstrates the 
impact on achieving sustainable development goals 
and the potential for developing this direction of en-
ergy supply for heating residential buildings.

Material and Methods. The study’s materials 
include the regulatory and legal framework governing 
the management of energy resource generation and 
delivery to customers, as well as the scientific and 
practical works of domestic and international schol-
ars who conduct research in the field of investigation, 
including the implementation of alternative energy 
resources and their delivery to customers.

To achieve the set goal, it is planned to conduct 
a content analysis of the concept of energy efficiency in 
the residential area, highlight the differences between 
traditional and sustainable approaches to energy effi-
ciency management, and justify the sustainability of 
management decisions.

The energy balance of the building gained by re-
newable sources is determined based on the calcula-
tion of the amount of heat obtained through wastewa-
ter heat recovery and the calculation of the amount of 
heat required to heat the premises. The heat demand 
is calculated using the formula:

1 ,Q v q T= ⋅ ⋅ ∆                             (1)
where are:

Q1 — heat demand; 
v — house volume (500 m2); 
q — specific heat load per 1 m2 (50 W/m2); 
ΔT — temperature difference (income — outcome in 

°C = 20 °C – 12 °C = 8 °C).
To quantify the heat that can be harvested from 

a wastewater flow, we use formula (2):

2
2 ,

Q
Q m c T

t
= = ⋅ ⋅ ∆                       (2)

where are:
m  — is the mass flow rate of wastewater, kg/h; in 

our case 10 m³/h ≈ 10 000 кg/h;
c — is the specific heat capacity of water [~4.18 kJ/

(kg ∙ K)];
∆T — is the temperature difference between the 

wastewater and the heat carrier in the heating system.
Based on the data obtained, an energy balance was 

constructed and the resource deficit was determined, 
which allows identifying additional reserves of energy 
supply and energy efficiency. To justify the sustain-
ability of the solution, the sustainable efficiency of 
using alternative resources to obtain thermal energy 
from wastewater was determined by calculating the 
environmental, ecological, and social efficiency.

Results. According to the annual statistics on final 
energy consumption of households [25], energy con-
sumption for heating has been showing a slow upward 
trend since 2014, peaking around 2021, after which 
there was a significant decline in 2022–2023. This 
trajectory is well consistent with the post-pandemic 
recovery in demand, and later with the response of 
households to the price shock and energy saving pol-
icies resulting from the war in Ukraine.

The fuel structure shows a shift from traditional 
fossil fuels to electrification and renewable sources. Pe-
troleum products for domestic stoves and boilers have 
been steadily losing ground throughout the period, 
the longest and most consistent decline among all fu-
els. Coal and briquettes are also decreasing, although 
in some years there has been a temporary stabiliza-
tion: current levels are significantly lower than ten 
years ago. Natural gas grew until 2021, but declined 
during the 2022–2023 crisis, reflecting both price risks 
and the accelerated replacement of gas systems with 
alternatives. LPG has generally fluctuated around 
a relatively stable level, with no clear long-term trend. 
Renewables, on the other hand, have shown steady 
growth. The combined category of “renewables and 
biofuels” has strengthened significantly, having grown 
most significantly since 2018. Biogas is being added 
slowly, from a small base. Solar heat is growing grad-
ually and remains a small contribution so far. The 
key story of the period is the electrification of heating: 
electricity consumption for heating has been growing 
throughout the period, and the use of heat pumps has 
accelerated sharply since 2019–20. Heat pumps have 
provided the most rapid growth in recent years, be-
coming the main driver of structural changes towards 
cleaner and more efficient heating. As a result, we see 
a gradual shift away from oil and coal, a wave-like gas 
dynamics, the stability of liquefied gas, and a systemic 
transition to renewable solutions and electrification, 
the culmination of which was heat pumps. After the 
peak in 2021, total heating consumption decreased, but 
the structural trends — “less fossil, more electricity 
and renewables” — have persisted. For policymakers, 
this means the need to support the modernization of 
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buildings, accelerate the connection of heat pumps, 
and provide affordable, low-carbon electricity. This 
combination of measures simultaneously reduces 
emissions, increases the energy efficiency of housing, 
and reduces the vulnerability of households to price 
shocks. Fig. 1 graphically presents the trends in the 
change in the energy mix for heating purposes.

Thus, the dashed lines in the figure confirm a shift 
in the heating mix away from oil products and coal to-
ward electrification and renewable solutions (especially 
heat pumps), against a backdrop of a moderate overall 
increase in heat demand over the decade. Therefore, 
it is important and timely to study how this energy 
transformation can be practically implemented.

Notes: The dashed lines on the chart are linear trends. They show where each data series is “pulling” despite year-to-year fluctuations.
Total “Heating” (space heating) — upward trend: overall heat demand increased, though there is a decline after the 2021 peak.
Renewables (aggregate) — upward trend.
Primary solid biofuels — upward trend (the most pronounced growth among fuels).
Electricity for heating — steady upward trend.
Heat pumps — sharply upward trend (acceleration since 2019–2020).
Biogases — slightly upward trend (from a low base).
Solar thermal — moderately upward trend (small contribution).
Natural gas — mostly upward until 2021, then a decline; overall, the trend is nearly flat/slightly upward over the whole period.
Oil and petroleum products (heating oil/kerosene/diesel) — steadily downward trend.
Solid fossil fuels (coal/briquettes) — downward trend (current levels are markedly lower than in 2014).
Liquefied petroleum gas (LPG) — slightly downward/stable trend.

Fig. 1. Structure and dynamics of energy consumption for space heating, TJ.
Source: formed based on [25]
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Research on utilizing wastewater as a source for 
enhancing energy efficiency is conducted within the 
framework of energy-efficiency policies at both national 
and international levels. In Ukraine, one of the goals 
under the National Renewable Energy Action Plan to 
2030 is to increase the share of renewable energy in 
gross final energy consumption for heating and cooling 
systems from 20.8% in 2025 to 32.5% in 2030 [26]. 
Among the projects in the national programme for the 
recovery and modernization of housing and regional 
infrastructure is the initiative titled “Creation of en-
ergy–environmental complexes that use gas from or-
ganic waste and from municipal wastewater treatment 
plants in cities with populations over 100,000” [27].

In the EU, the REPowerEU plan [28] aims to rap-
idly reduce dependence on Russian fossil fuels and to 
accelerate the green transition through three pillars: 
prioritizing energy efficiency, diversifying supplies, 
and scaling up clean energy. For urban heat supply, 
this translates into support for heat pumps, stream-
lined permitting, network modernization, and the de-
ployment of low-grade heat sources. In this context, 
wastewater becomes a strategic resource, as its stable 
temperature enables the supply of district heating 
systems for buildings via heat exchangers and large 
heat pumps. This reduces the consumption of gas and 
heating oil, cuts emissions, and mitigates price risks. 
REPowerEU opens access to financing, simplifies pro-
cedures, and facilitates integration into heat networks 
for such projects, making energy from wastewater 
a practical tool for both decarbonization and strength-
ening the resilience of municipal heat supply.

From a practical perspective in the housing and utili-
ties sector, wastewater is a by-product of the activities of 
households and enterprises connected to sewerage sys-
tems. It is generated because of water use for domestic, 
industrial, stormwater, and other purposes. Therefore, 
it can be regarded as a component of municipal waste, 
specifically as water-use waste. From a legal perspec-
tive, under Ukrainian legislation, in particular the Law 
of Ukraine “On Housing and Communal Services,” [29] 
wastewater is not defined as “solid household waste,” 
yet it is an object of management within water supply 
and sewerage, which form part of municipal services. 
The Waste Law [30] defines waste as substances or 
items that no longer have any useful application at their 
place of origin and are subject to disposal or neutraliza-
tion. EU Directive 2018/2001 [31] recognizes wastewa-
ter as a source of renewable heat. Accordingly, waste-
water may be considered waste — namely, water-use 
waste — that is subject to treatment, disposal, or the 
recovery of secondary heat, as in the case of heat pumps. 
Thus, sewage is a specific type of municipal waste that, 
thanks to innovative technologies, can serve as a source 
of secondary resources, including thermal energy. This 
enables its integration into circular-economy models 
and sustainable development, and helps address the 
efficient use of energy resources and their potential. In 

the Ukrainian context, it is also appropriate to add that 
unforeseen disruptions to energy supply during conflicts 
encourage a shift to alternative energy sources, while 
the depletion and destruction of territories are seen as 
an opportunity to restore environmental standards or 
to create a new national legal framework for sustainable 
resource management [32].

The traditional definition of energy efficiency in 
residential are, which is often used in technical, eco-
nomic, and regulatory literature, characterizes the re-
lationship between the useful result obtained (service, 
product, comfort, etc.) and the amount of energy con-
sumed to achieve it. European documents state that 
energy efficiency means using less energy to achieve 
the same output or service [33]. Ukrainian official 
sources also provide a similar definition of energy ef-
ficiency as achieving a specified level of useful energy 
consumption with minimal energy expenditure [34]

We propose to deepen the definition of energy effi-
ciency in the residential sector. We define energy effi-
ciency as the ability of a building to provide an ade-
quate level of comfort and functionality with minimal 
energy consumption, achieved through the systematic 
implementation of managerial, technological, finan-
cial, and regulatory-strategic measures focused on 
sustainable development and adaptation to post-war 
recovery conditions. One source of energy efficiency is 
displaced energy — the amount of thermal energy that 
can be obtained from wastewater heat and which would 
otherwise be obtained from traditional sources (gas, 
coal, electricity). It is calculated in Gcal/year or kWh/
year. Sewage is a specific type of municipal waste that, 
thanks to innovative technologies, can be a source of sec-
ondary resources, such as thermal energy. This allows it 
to be integrated into circular economy and sustainable 
development models (Directive (EU) 2018/2001).

We consider a house with a volume of 500 m2 to cal-
culate the potential of residential heating from waste-
water obtained from a municipal sewer system. The 
calculation of wastewater mass per second is as follows:

Calculation of wastewater mass per second:
m = 10 m3/hour × 1000 kg/m3 (density) =  

= 0.00278 m3/sec × 1000 kg/m3 = 2.78 kg/sec; 
∆T = 20 – 12 = 8 °C.

The heat demand is:

1 500 50 8 80 000 80 Q W kW= ⋅ ⋅ = = ,

The thermal power extracted from the water is:

( )3 3
2  2.78 / 4.18 /  8  92.96 /Q kg m kJ kg K kW m= × ⋅ × =

Thus, the thermal energy that can be obtained from 
wastewater is equal to 92.96 kW ~ 93 kW. Taking into 
account the efficiency of the heat exchanger (the heat 
that will actually be transferred). Taking into account 
the efficiency of the heat pump (85%), the thermal 
energy is equal to:

2' 92.96 0.85 79.02 .Q kW= × =
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Therefore, the adjusted thermal energy is equal 
to 79.02 kW. Based on the above data, we can form 
an energy balance for the building, which allows us 
to assess whether the thermal energy obtained from 
wastewater is sufficient to meet the heating needs of 
the premises (Table 1).

Table 1
Energy balance

Parameter Value
Building heat demand 80.00 kW
Available heat from wastewater 79.02 kW
The difference –0.98 kW

The thermal energy obtained from wastewater al-
most completely covers the building’s heating needs. 
With an optimal design of the heat exchanger, under-
floor heating, or other storage systems, such a system 
can be self-sufficient, environmentally friendly, and 
energy efficient. It is essential to consider actual heat 
losses, which also depend on heat loss through the 
building envelope (walls, roof, and floor), air infiltra-
tion (drafts), ventilation, and uneven heat supply from 
wastewater (such as during peak hours). Therefore, it 
is advisable to include a 10–15% reserve in the heat 
source or combine it with an auxiliary source (e. g., 
a heat pump) (Table 2).

Table 2
Energy balance

Parameter Value
Building heat demand 80.00 kW
Reserve for losses (15%) 0.15 × 80 = 12.00 kW
Total demand, taking into account 
losses

92.00 kW

Heat from wastewater (consider-
ing efficiency)

79.02 kW

Heat deficit 92–79.02 = 12.98 kW

Thus, considering the reserve, the wastewater heat 
recovery system covers ~86% of the building’s heating 
needs. It is recommended to combine the wastewater 
system with an auxiliary heat source, such as an air-
to-water heat pump or a gas boiler. Let’s calculate the 
economic effect of using a wastewater heat recovery 
system compared to the cost of conventional electric 
heating. The calculation of the costs of full electric 
heating (at 16 hours of heating during a heating period 
of 150 days) is based on the electricity price of about 
4,32 UAH per kWh.

92  1 6 /   150   220,800 Q kW hours day days kWh= × × = ,

220,800  4.32   954,057.60 Value UAH UAH= × = ,

Let’s calculate the costs of using heat from waste-
water:

12.98  1 6  1 50   31,152 Q kW hours days kWh= × × = ,

31,152  4.32   134,578.00 Value UAH UAH= × =

The Table 3 shows the steady results of wastewater 
heat recovery for heating buildings. The results confirm 
that wastewater heat recovery systems have significant 
technical, economic, and environmental potential for 
improving energy efficiency in residential buildings.

The system provided about 86% of total heat de-
mand, reducing heating costs by over 85% and cutting 
CO2 emissions by around 13.5 tons per season for a 200 
m² house. In addition to economic and environmen-
tal benefits, such systems improve living comfort, af-
fordability, and energy security — key priorities for 
Ukraine’s post-war reconstruction and EU integration.

The main advantages of this study are the practi-
cal demonstration of a real case, clear calculations of 
savings and emissions, and a multidimensional as-
sessment combining technical, financial, and social 
effects. The limitations include its single-case nature, 
assumptions about tariffs and emission factors, and 
lack of detailed analysis of installation, maintenance, 
and fouling effects. Future research should focus on 

Table 3
Effects of energy efficiency measures

Elements 
of efficiency Calculation Explanation

Economic effect 954,057.60 – 134,578.00 =  
= 819,479.60 UAH per season

The use of a heat recovery system reduces heating costs by ap-
proximately 820,000 UAH per season, which is more than 85% 

savings compared to full electric heating
Environmental 

effect
(220,800 – 31,152) × 0.432* =  

= 13,464.6 kg CO2 ≈ 13.46 t CO2

The use of a wastewater heat recovery system reduces green-
house gas emissions by ~14 tons of CO2 per year for a single 

200 m² house.
Social impact Reduction in household  

energy costs: 
819 479,60/12/15 000**≈4.5 people

The social impact is an indirect result that reflects the quali-
ty of life, comfort, accessibility of resources, health care, and 

well-being of the population.

Notes: *Conditional CO2 emissions per 1 kWh of electricity in Ukraine: 0.432 kg CO2/kWh
**Average salary in Ukraine
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large-scale applications in residential complexes, 
long-term performance monitoring, and cost-benefit 
analysis including lifecycle impacts. Attention should 
also be given to engineering optimization, financing 
models, and integration into municipal energy sys-
tems to strengthen the transition toward sustainable, 
low-carbon urban heating solutions.

Conclusion. Developing the issue of Energy Effi-
ciency in the residential sector, it is essential to de-
termine how to enhance a building’s ability to provide 
the necessary comfort and functionality with minimal 
energy consumption through targeted changes (man-
agement, technological, financial, and regulatory). The 
relevance of this issue arises from the need to establish 
secure energy supply conditions in the context of en-
ergy infrastructure destruction, as well as Ukraine’s 
desire to meet EU requirements for energy transition 
during post-war reconstruction.

Using a comparative approach to justify manage-
ment principles for improving building energy efficien-
cy — while accounting for sustainability criteria — we 

find that wastewater heat recovery for residential heat-
ing aligns with sustainable development and delivers 
economic, environmental, and social benefits. In our 
case study, a sewer heat-exchanger system reduced 
CO2 emissions by more than 12 tons per heating sea-
son and supplied approximately 86% of the building’s 
heat demand. Social co-benefits include improved 
comfort, resource affordability, and public health and 
well-being. These results substantiate the decision to 
deploy wastewater heat recovery for space heating and 
form the potential for energy transition and sustain-
able making decision. Implementation of investigated 
case still requires careful consideration of building 
design, sewer hydraulics and thermal conditions, in-
frastructure readiness, operations and maintenance 
capacity, and personnel skills. Further research should 
address infrastructure needs for specialized heat-pump 
systems and pipelines, and tackle fouling from sus-
pended solids and chemical contaminants in wastewa-
ter through appropriate pretreatment, filtration, and 
cleaning to avoid equipment damage.
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