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Abstract: This study examines the role of renewable energy technologies in improving energy
efficiency and reducing greenhouse gas emissions within the building sector. As buildings
account for a substantial share of global energy use, the integration of systems such as solar
photovoltaic, solar thermal, heat pumps, biomass, and wind energy represents a critical pathway
toward sustainable and low-carbon infrastructure. The paper highlights current investment trends
and policy-driven initiatives supporting renewable deployment, while also identifying key
barriers, including financial uncertainty, technical complexity, and limited professional expertise.
The analysis underscores the gap between climate policy targets and actual emission trajectories,
emphasizing the need for coordinated technological, economic, and institutional strategies to
accelerate the transition toward sustainable building energy systems.

Keywords: renewable energy, building sector, energy efficiency, greenhouse gas emissions, heat
pumps, sustainable infrastructure, decarbonisation.

Renewable energy technologies constitute a fundamental pillar in the global strategy to curtail
reliance on conventional energy resources and to mitigate the escalating emissions of greenhouse
gases (GHGs) [1]. The civic sector, with a particular emphasis on residential and commercial
buildings, represents approximately 40% of total global energy consumption, thereby positioning
it as a critical domain for energy efficiency interventions and decarbonisation strategies [2].
According to the International Energy Agency (IEA) Sustainable Recovery Tracker, as of
October 2021, governmental bodies worldwide had committed nearly USD 470 billion toward
renewable energy development as part of post-pandemic green recovery initiatives [3]. A
substantial proportion of this financial allocation has been channeled into the deployment of
renewable energy-integrated buildings, which are now recognized as a pivotal component of
sustainable urban infrastructure. Concurrently, energy-efficient construction and industrial
sectors are projected to attract average annual government investments of approximately USD
121 billion between 2021 and 2023, reflecting increased policy-driven momentum toward low-
carbon transition pathways [4]. Despite this progressive investment landscape, the
implementation of renewable energy systems within the built environment continues to
encounter significant structural and operational barriers. These include financial risks associated
with uncertain payback periods, limited investor confidence due to ambiguities surrounding
long-term business sustainability, and a persistent deficit of technically qualified professionals
capable of executing complex retrofitting and system integration processes at scale. Moreover,
global energy-related GHG emissions are currently exhibiting one of the most pronounced
single-year rebounds in contemporary history. This resurgence is primarily attributed to
escalating electricity demand in regions heavily dependent on fossil fuels, particularly coal-
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dominated power generation systems. IEA scenario analyses indicate that while the Net Zero
Emissions pathway targets near-zero carbon output by 2050, emissions under the Stated Policies
Scenario remain alarmingly high, with projected CO₂ outputs approaching 34 gigatonnes
annually, highlighting the substantial divergence between policy ambition and real-world
implementation trajectories (Fig. 1).

Buildings are capable of integrating renewable energy resources through multiple configurations,
including decentralised generation systems and on-site energy production schemes, which
enhance both energy autonomy and operational efficiency. Within the built environment, heating,
cooling, and electrical systems collectively represent the dominant share of total energy demand,
thereby constituting primary targets for energy optimization and sustainability-focused
interventions. A broad spectrum of renewable energy technologies-such as solar energy systems,
heat pumps, biomass-based solutions, and wind power-has increasingly gained prominence in
contemporary building design and retrofitting strategies. The accelerated adoption of these
technologies significantly contributes to the transformation of conventional buildings into low-
carbon and high-performance sustainable structures, aligning with global objectives for energy
efficiency and environmental resilience.

Fig. 1. A near-zero energy building integrated with solar, hydro, hydrogen, and fuel cell
technologies

In building applications, solar energy is commonly harnessed through the integration of
photovoltaic (PV) modules and solar thermal collectors, both of which serve as primary
technologies for converting solar radiation into usable energy forms [5]. The magnitude of
energy output derived from these systems is strongly dependent on solar irradiance levels, which
exhibit significant spatial and temporal variability across the globe. This variability is primarily
governed by geographical latitude, orbital positioning of the Earth relative to the Sun,
atmospheric conditions, and seasonal fluctuations throughout the year [6]. Photovoltaic panels
are typically composed of multiple layers of semiconductor materials, most commonly silicon-
based compounds, forming a p–n junction structure that facilitates charge separation. When
incident solar radiation strikes the PV cell surface, photons transfer energy to electrons, inducing
their movement and generating an electric current through the photoelectric effect [7]. In contrast,
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solar thermal panels operate through a direct heat conversion mechanism, wherein absorbed solar
radiation is transformed into thermal energy, which can be utilized for space heating, domestic
hot water production, or integration into hybrid heating systems within buildings. The
complementary utilization of both PV and solar thermal technologies significantly enhances the
overall energy efficiency and sustainability of building energy systems.

Heat pump technologies applied in the built environment are broadly classified into two principal
categories: Ground Source Heat Pumps (GSHPs) and Air Source Heat Pumps (ASHPs) [8].
GSHP systems exploit the relatively stable thermal conditions of subsurface geological media-
including soil, rock formations, and groundwater-to extract and transfer heat for space heating
and domestic hot water production within buildings. By utilizing the thermal inertia of the
ground, these systems achieve high coefficients of performance (COP) and provide consistent
heat delivery across varying climatic conditions. In contrast, ASHPs derive their thermal input
from ambient outdoor air and convert this low-grade thermal energy into usable heat through
vapor-compression cycles. Two predominant configurations of ASHP systems are commonly
implemented. Air-to-water heat pumps are particularly suited to contemporary building designs,
as they integrate efficiently with low-temperature hydronic distribution systems such as
underfloor heating, and their installation typically requires lower retrofit costs compared to
traditional high-temperature heating infrastructures. These systems demonstrate superior
performance under moderate climatic conditions and exhibit enhanced efficiency at reduced
supply temperatures when compared to conventional heating technologies. Air-to-air heat pumps,
alternatively, operate by directly supplying heated air into indoor spaces via forced convection
mechanisms facilitated by integrated fan systems. While these systems are generally easier to
install, their applicability is more constrained in buildings where water-based heating networks
are preferred or already established.

Biomass energy is derived from a wide range of organic materials, including agricultural
residues such as crop straw, forestry by-products, organic fractions of municipal solid waste, and
biodegradable wastewater by-products [9]. Unlike solar and wind energy, biomass availability is
considerably less dependent on immediate meteorological conditions, enabling a more stable and
controllable energy supply, provided that sustainable ecosystem management practices are
maintained. Due to its renewability, carbon-cycle compatibility, and potential to reduce reliance
on fossil fuels, biomass has gained growing global recognition as a viable clean energy source
for building heating and power generation applications. Its integration into building energy
systems contributes not only to diversification of energy portfolios but also to enhanced
resilience and sustainability of the built environment, particularly in regions with well-developed
agricultural and waste management infrastructures [10].

Wind energy systems are primarily based on wind turbines, which convert the kinetic energy of
moving air masses into usable forms of mechanical or electrical power through aerodynamic
rotor operation [11]. Depending on turbine scale and operational configuration, these systems are
generally categorized into active and passive types. The principal distinction lies in the yaw
control mechanism: in active systems, the turbine nacelle is dynamically oriented using motor-
driven controls to align with wind direction, whereas in passive systems, alignment occurs
naturally through aerodynamic force response to prevailing wind flow. Compared to other
renewable energy technologies, wind energy offers a significant advantage in terms of minimal
lifecycle carbon emissions, positioning it as an environmentally favourable option within low-
carbon energy frameworks. However, its operational reliability is inherently constrained by
meteorological variability, resulting in intermittent power generation. This intermittency
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necessitates the deployment of auxiliary energy sources or large-scale energy storage systems to
ensure a stable and continuous supply. Furthermore, the implementation of distributed wind
turbines in close proximity to residential buildings may introduce adverse environmental impacts,
notably the shadow flicker phenomenon. This effect occurs when rotating turbine blades
periodically obstruct sunlight, creating fluctuating shadow patterns through windows and
openings, which can negatively influence occupant comfort and visual perception, thereby
representing a non-negligible consideration in urban wind energy deployment strategies.

Conclusion. The integration of renewable energy technologies in buildings plays a central role
in enhancing energy efficiency and mitigating greenhouse gas emissions. While these
technologies offer significant environmental and economic benefits, their widespread adoption is
hindered by financial, technical, and institutional challenges. Bridging the disconnect between
policy ambitions and real-world implementation requires a holistic approach combining
advanced technology deployment, supportive policy frameworks, and capacity development.
Strengthening these elements is essential for achieving resilient, low-carbon building energy
systems and long-term sustainability objectives.
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