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Abstract: The building sector accounts for over 40% of global energy consumption, and many build-

ings are old and inefficient. However, the current pace of building renovation is not sufficient to 

make a tangible impact. A new strategy is needed to accelerate the renovation process. Renovation 

at the district level and the use of digital tools, such as a digital twin (DT) of a city district, can 

provide a solution. This paper proposes a novel approach to city block renovation using renewable 

energy sources (RES), including photovoltaic (PV) solar panels, heat pumps (HP), and electric heat-

ers (EH), while utilizing a DT of a city district to provide a user-friendly representation of the results 

and data needed for holistic solutions. The proposed method combines an optimization model of 

the optimal heating system with a solar PV simulation technique to analyse hybrid RES solutions 

and potential on-site energy generation and supply. Several scenarios are simulated to evaluate RES 

solutions in the renovation process of the city block using the DT concept. The simulation results 

demonstrate that a hybrid RES solution, which includes a PV system and a heating system, is opti-

mal when the on-site generated energy is used not only for domestic electricity consumption, but 

also for the operation of HPs and EHs for heat generation. This study highlights the importance and 

significance of a DT approach to city block renovation and provides a new solution to accelerate the 

renovation process and reduce energy consumption in the building sector. 

Keywords: deep renovation; city block; photovoltaic; heat pumps; digital twin;  

renewable energy sources; photogrammetry 

 

1. Introduction 

1.1. Background 

The European Union (EU) has set a target to diminish the release of greenhouse gas 

(GHG) emissions. Specifically, the EU aims to achieve a reduction of 40% by 2030 and 80% 

by 2050 compared to the emission levels recorded in 1990 [1]. Currently, the building sec-

tor accounts for over 40% of worldwide energy consumption and contributes to 30% of 

global GHG emissions [2]. A significant amount of energy is wasted in this sector, as most 

houses are not energy efficient. In Europe, more than 40% of buildings were constructed 

before 1960 and over 90% before 1990. The rates of replacement and extension for build-

ings are exceptionally low (~1% per year), and the annual reduction in energy consump-

tion of buildings is approximately 1%. In order to accelerate the renovation rate in the EU, 

the European Commission has proposed in the “Renovation Wave Strategy”: the creation 

of zero-energy districts through the development of neighbourhood-based approaches 

and the integration of renewable solutions [3]. This strategy highlights the need to de-

velop neighbourhood-based approaches and integrate renewable solutions to create zero-

energy districts. Future generations of district heating (DH) systems should be based on 
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renewable energy and enable significant reductions in heating demand [4]. Renovation at 

the district level has the potential to reduce GHG emissions by optimizing the use of var-

ious renewable energy sources (RES), exploiting economies of scale, and reducing de-

pendency on fossil fuels [5]. 

1.2. Application of Renewable Energy in District Heating 

For the building sector to achieve near-zero energy building status and reduce GHG 

emissions, the use of RES in conjugation with an energy storage system is strongly recom-

mended [6]. Biomass fuels, heat pumps (HP), and solar energy are often considered for 

achieving a near-zero energy building status and reducing GHG emissions. Biomass fuel 

has gained popularity as an alternative to fossil fuels [7]. According to Raslavičius et al. 

[8], Lithuania has great potential for biomass utilization, as approximately 40% of the 

country’s land area is covered by forests [9]. Among the industry sectors, sawmills and 

plywood manufacturers have emerged as the biggest producers of wood waste. Approx-

imately 1.5 million m3 of wood waste per year could be utilised as a valuable energy 

source. In Lithuania, where 57% of residents use DH, almost half of the heat for DH (47%) 

is obtained from biomass [9]. 

While the combustion of biomass fuels is typically perceived as having a carbon-neu-

tral effect, an excessive reliance on their utilization can disrupt the delicate balance of the 

carbon cycle and contribute to an increased concentration of GHG in the atmosphere [7]. 

Forests play a critical role in the absorption of CO2, and deforestation for the purpose of 

biomass production reduces the capacity of CO2 absorption. Therefore, broader imple-

mentation of RES is necessary to achieve a carbon-neutral DH system. Sandvall et al. [10] 

highlighted that the use of surplus urban heat can improve the competitiveness and prof-

itability of DH systems compared to those with boilers. 

Various types of heat pumps are considered highly promising alternative energy 

sources. Thygesen and Karlsson [11] compared the application of ground source and ex-

haust air HP, supplemented with a PV system, for near-zero energy buildings. The re-

search concluded that the building with a ground source HP had the lowest specific en-

ergy demand and was considerably below what is considered the limit for near-zero en-

ergy building standards in Sweden. In addition, the ground source HP had a higher solar 

energy fraction compared to the system with exhaust air HP. 

The study by Javanshir et al. [12] investigated the decarbonization of a Finnish city’s 

DH through the use of power-to-heat technologies, such as HPs, an electric boiler, and ther-

mal storage, in conjunction with a building deep-renovation program. The results showed 

that the power-to-heat technologies could not meet peak heat demand during the coldest 

periods without reducing the city’s heat demand. However, the addition of thermal storage 

in one of the scenarios contributed to a 71% reduction in fossil fuel consumption [12]. A 

similar study conducted by Nazari et al. [13] concluded that the use of the PV system inte-

grated with heat pumps could result in a reduction of up to 73% in CO2 emissions. 

Other studies have investigated alternative ways to use urban excess heat as a heat 

source. Khosravi et al. [14] examined the feasibility of using HPs and heat-only boilers to 

recover waste heat from a data centre and concluded that HPs are a cost-effective method 

for doing so. Hiltunen and Syri [15] used HP to enhance the temperature of waste heat 

and observed that waste heat recovery leads to a significant reduction in GHG emissions. 

However, the authors also found that the feasibility of waste heat recovery is highly de-

pendent on the price of electricity. In addition, they concluded that, while waste heat re-

covery can reduce fossil fuel consumption, waste heat from data centres is not suitable for 

replacing fuel-burning heat-only boilers to meet peak demand.  

However, to date, only a limited number of studies have been conducted on district-

level renovation. In this context, there is a lack of systems thinking, which underscores the 

need to analyse new approaches that can provide a more holistic view with greater integ-

rity and awareness of the priorities of different stakeholders in building renovations [16]. 
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The previously described studies [7,10,12,14,16] have concluded that district-level reno-

vation can be successful from an engineering perspective. 

1.3. Social Obstacles Slowing Down Residential Building Renovation 

From a technical perspective, district-wide renovations can reduce the energy con-

sumed by DH systems, but there are other factors that slow the pace of renovations. The 

implementation of such district-level renovations is highly dependent on social factors, 

such as support from stakeholders, including residents. Social factors such as a lack of 

understanding of renovation benefits, insufficient communication between stakeholders, 

and “Not-In-My-Backyard Syndrome” can cause negative perceptions about renovations 

and slow down the pace of their implementation. The willingness of tenants to participate 

in renovations is a crucial factor affecting the pace of renovations [17]. The lack of capital, 

reliable information, and uncertainties regarding the potential benefits frequently lead to 

the neglect of investments in energy efficiency measures [18]. Palm et al. [19] studied ten-

ants’ response to renovation in Sweden and concluded that, while tenants generally have 

a positive attitude toward energy efficiency measures, their understanding of the specific 

benefits of different measures is not always comprehensive. Additionally, the tenants of-

ten prioritized immediate financial concerns over energy efficiency improvements. Re-

search by Yang et al. [17] showed that residents demonstrated a positive inclination to-

wards accepting fundamental renovation measures. However, they expressed a relative 

unwillingness to embrace measures focused on enhancing quality and integrating renew-

able energy sources. 

Rose et al. [3] examined several case studies and concluded that it is possible to im-

plement district-level renovations and achieve cost efficiencies while reducing energy use 

and GHG emissions. Their research emphasized importance of maintaining good com-

munication amongst different stakeholders, especially with residents, who are often scep-

tical about renovations. 

Liu et al. [20] concluded that information and policies are critical factors for renova-

tions. A significant number of stakeholders demonstrated a lack of awareness regarding 

building energy efficiency and possessed limited knowledge and information regarding 

green building renovation. This situation was exacerbated by an imbalance of information 

among stakeholders and the absence of platforms (e.g., media, applications, networks) 

and collaborative activities that facilitated the sharing of information and experiences to 

promote renovation initiatives [20]. 

There is a need for a tool to share information among stakeholders and demonstrate 

the benefits of renovations in a user-friendly way. Information technology can be used for 

this task. A digital platform that displays a city district as a 3D model embedded with 

energy consumption profiles before and after the renovation can assist engineers respon-

sible for implementing the renovation and also promote the idea to residents. Such a plat-

form can combine energy production from RES and energy consumption data into a ho-

listic system that provides important information for optimization and enable efficient 

operation [21].  

1.4. Digital Twin Role in the Optimization of District Heating Systems 

Proper optimization of a DH system is the backbone for implementing fifth-genera-

tion district heating and cooling (5GDHC) systems. These systems, characterized by de-

centralized and bidirectional networks operating at ground-level temperatures, rely on 

the direct exchange of warm and cold return flows and thermal storage to achieve a bal-

anced heat demand to the greatest extent possible [4]. These digital platforms can be var-

ious smart tools, such as the digital twin (DT), building information modelling (BIM), or 

geographic information system (GIS). The concept of DT has recently emerged in the field 

of civil engineering and has gained considerable attention in scholarly papers [22]. DT 

refers to a combination of different technologies, often including as-built models, BIM, 

and the Internet of Things, with the aim of creating a copy of the built environment with 



Sustainability 2023, 15, 9307 4 of 27 
 

specific characteristics. From a physical standpoint, the concept of DT can be employed 

across a range of domains, including buildings, cultural heritage, infrastructure, facilities 

and equipment, hydraulic engineering, and construction sites. The concept of a DT in deep 

renovation is a novel approach. While there are various tools available such as GIS or 

CityGML, they do not provide a holistic approach that is necessary for district-scale ren-

ovation. The DT should provide a single platform that can assist engineers in the design 

stage as well as present planned development to other stakeholders, such as residents. 

Various GIS tools allow for the combination of a lifecycle assessment with renova-

tions to increase sustainability and reduce GHG emissions. According to Jiang et al., a DT 

plays a crucial role in bridging the gap between physical and virtual components by estab-

lishing connections and integrating data. This is achieved through the capture of diverse 

data types, including point clouds, images, sensor data, and other forms, facilitated by a range 

of technologies and tools such as laser scans, sensors, digital image processing, and mobile 

devices. The collected data is then utilized to update both geometric and non-geometric infor-

mation of virtual parts, enabling timely synchronization with their physical parts [23].  

Camporeale and Mercader-Moyano proposed the use of GIS-based models as a spa-

tial framework to manage different types of data and facilitate decision making in district 

renovations. The methodology developed in their study evaluates the energy flexibility of 

the district through energy demand reduction and photovoltaic (PV) generation. The re-

sults demonstrated the hourly load profile for heating and cooling of the building cluster, 

as well as the thermal comfort indices [24]. 

DTs provide novel approaches for the quantitative evaluation of urban energy de-

mand and associated costs. The integration of energy consumption data into the DT of the 

built environment generates a highly valuable dataset, enabling automated and reliable 

energy demand diagnostics as well as simulations of renewable energy supply [24]. The 

recreation of the built environment and landscape enables accurate simulations where en-

ergy production scenarios can be evaluated. Machete et al. [25] found that the energy pro-

duction of PV modules differs by approximately 30% when the built and natural environ-

ments are included. Weiler et al. [26] used a 3D City Geography Markup Language 

(CityGML) model and concluded that the main disadvantage of combining heat pumps 

with PV is that only 15% of the PV electricity is used directly by the HP. Anbari et al. [27] 

used 3D modelling of the built environment to efficiently place PV modules and predict 

wind speed using deep neural networks. In this model, power generation from wind and 

solar energy is combined so that energy companies can meet energy demand while reduc-

ing GHG emissions. According to Eicker et al. [28], 3D city models have the ability to 

simulate energy scenarios that assist urban planners and municipal managers in develop-

ing long-term urban energy strategies. The scenarios tested in DT can provide insight into 

how redevelopment will turn out [28].  

The accurate site model not only allows for the simulation of potential energy gener-

ation with RES, but can also link generation with energy demand in the district, forming a 

single holistic system. Kohne et al. [29] conducted a case study on a DT model for an indus-

trial heat transfer station connecting industrial heat networks with DH systems. The aim 

was to establish an effective integration of low-exergy waste heat from the production pro-

cesses. The case study at an industrial site showed a significant potential for waste heat re-

covery, reaching up to 70% and leading to a substantial reduction in the operating costs of 

up to 6% [29]. 

There are several ways to create an accurate 3D model of a city or city district. DTs 

are often created based on open geospatial data and digital topographic maps. Machete et 

al. [25] employed a 3D GIS model created from a topographic map, aerial and satellite 

imagery to explore the impact of both the built environment and the topographic relief on 

the solar potential. Anbari et al. [27] used a built environment model based on CityGML 

and deep neural networks to determine the efficient placement of PV modules and predict 

wind speed. CityGML is an XML-based data model that facilitates the visualization, stor-

age, and exchange of city models. It is used as an international standard for the exchange 
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of the spatial information published by the Open Geospatial Consortium. The DT was 

created with tools such as CityGML, which can increase the accuracy of the simulated 

scenarios. However, it does not possess the level of detail needed to accurately represent 

the built and natural environment. Haghighi et al. [30] used the CityGML format to gen-

erate a DT of the study area. This approach involved utilizing an open data model instead 

of traditional manual 3D modelling methods, allowing for more efficient energy simula-

tions. The results indicated that the average use intensity of simulated heating energy de-

viated by less than 2.5% compared to the measured data. However, the authors concluded 

that using orthophotos alone to detect building heights leads to inaccuracies, particularly 

for objects and elements with tapering, sloping, or setback characteristics from the base. 

It is strongly recommended that urban geometry be improved using other complementary 

sources, if possible, in three dimensions, such as the LiDAR dataset or unmanned aerial 

vehicle (UAV) photogrammetry [30]. 

To simulate energy production from solar PV modules with greater accuracy, more 

precise data are required. Typically, topographic data include information about the 

shape of building structures and roofs, as well as the elevation index. Proximities, such as 

antennas, chimneys, heating, ventilation, air conditioning shafts, and others, can also cast 

shadows on PV modules. The shadow of a single column can reduce the available energy 

by up to 15–19% [31]. Therefore, it is crucial to assess the structure at a high level of detail 

to accurately predict energy generation from GIS. UAV photogrammetry can be a useful 

tool for creating the model of the built environment, which can later be augmented with 

BIM, GIS, energy consumption/generation data, and other features relevant to DT. Despite 

the growing attention given to the potential of DTs, there is limited knowledge about their 

development, the developers involved, and how design decisions related to DTs influence 

decision-making in the development of RES applications [32]. 

1.5. Objective and Contribution 

The literature review revealed that there is currently limited application of DT tech-

nology in district-level renovations, particularly when RES is considered. While there is a 

potential for DTs to create a holistic platform for engineers and stakeholders to design and 

implement renovations, there is a lack of comprehensive research and studies on the de-

velopment, utilization, and impact of DTs in the context of deep renovation and how DTs 

can effectively facilitate the integration of RES, communication, and decision-making pro-

cesses among stakeholders in district-level renovations. Further research is needed to 

bridge this gap and explore the practical implementation, benefits, and challenges associ-

ated with the use of DTs in the context of district-level renovations and energy efficiency 

initiatives using RES technologies. 

The main objective of this paper was to evaluate the potential for deep renovation, 

energy generation, and supply in buildings within an urban block to achieve CO2 neutral-

ity through the integration of RES technologies using a digital twin model. Generally, there 

are three main stages for DT applications: (1) the design phase, (2) operational phase (project 

implementation), and (3) service phase [33]. The design phase can be subcategorized into op-

timisation, data generation, and virtual evaluation. The focus of the study presented in this 

paper is on the design phase.  

The novelty and contribution of the research presented in this paper includes several as-

pects: 

1. Integration of RES technologies with a DT model. 

The study proposes the integration of RES technologies, such as solar PV modules, heat 

pumps, and electric heaters with a DT model to achieve CO2 neutrality in buildings within 

an urban block. While DT models have been used in various stages of building design and 

operation, this study specifically focused on the design phase and utilized a DT model to 

evaluate the potential for deep renovation and energy generation. By incorporating 
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energy parameters and data into the 3D model, the study provides a detailed analysis of 

options for electricity and heat supply using RES technologies. 

2. New optimization technique. 

The research employs a new optimization technique to select an optimal heat pump 

system by minimizing the associated costs and reducing GHG emissions. This optimiza-

tion technique was combined with a solar PV simulation tool, enabling a holistic approach 

to evaluate hybrid RES solutions for the city block. By incorporating cost and emission 

considerations, the study provides a comprehensive assessment of the most suitable RES 

technologies for the given context. 

3. Accurate 3D model and data. 

The study utilizes an accurate 3D model of the entire city block, including residential 

buildings, kindergartens, and a school. This model allows for the estimation of shading 

from proximities and accurate calculation of the potential installed capacity of PV solar 

modules and PV on-site electricity generation. The heat saving potential was evaluated 

considering deep renovations of the buildings in the city block, including the installation 

of heat pumps and electric heaters. By using up-to-date data and advanced photogram-

metry equipment, the research proposes more reliable energy consumption forecasts and 

better-informed decisions regarding supply and consumption technologies. 

4. Elaboration of energy renovation projects. 

The application of the developed methodology enables the elaboration of more accu-

rate energy renovation projects for buildings using RES technologies. This contributes to 

mitigating technical and economic risks associated with such projects and reducing over-

all investments. By providing a detailed analysis of deep renovation possibilities and RES 

integration, the study offers valuable insights for stakeholders involved in urban block 

developments and sustainable energy planning. 

The proposed method enables a more accurate estimation of on-site energy genera-

tion from RES. This represents a crucial first step towards the implementation of the 

5GDHC, which aims to utilize RES to meet residual heating or cooling needs. The ability 

to create accurate 3D models of the entire city block and use them to accurately assess 

opportunities for building renovation and installation of RES has emerged due to the 

rapid development of photogrammetry equipment (e.g., using UAVs) and 3D digital 

model creation methods. Previously, such analysis relied on outdated paper-based tech-

nical plans of building construction, which usually differed from the actual situation. The 

same was true for the predicted and actual energy demand of buildings. After many years 

of constructing buildings, the technical parameters of buildings and consumer habits have 

also changed. Therefore, energy consumption forecasts based on up-to-date data allow 

for predicting future energy demand, selecting supply and consumption technologies, 

and increasing supply reliability more accurately in a way that is less harmful to the en-

vironment. 

In summary, the novelty and contribution of this research lies in the integration of 

RES technologies with a DT model in the design phase, the use of a new optimization 

technique for selecting optimal RES solutions, the utilization of an accurate 3D model for 

detailed analysis, and the contribution to more accurate energy renovation projects. These 

unique aspects distinguish this study from previous works and contribute to the existing body 

of knowledge in the field of sustainable building design and energy planning. The proposed 

research on city block renovation using RES and a DT concept contributes to the theoretical 

understanding of integrating digital technologies with renewable energy systems and opti-

mizing building energy systems. The practical implications include accelerating building ren-

ovation, reducing energy consumption, providing user-friendly representations of results, 

and enabling replicability and scalability of district-level renovation strategies. 

The structure of this paper is as follows: the methodology used is outlined in Section 

2. Section 3 introduces a description of the analysed scenarios and key assumptions used 
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in the simulation. The main results of the performed simulations are discussed in Section 

4. Finally, the main findings of the conducted study are summarized in Section 5. 

2. Methodology 

2.1. Digital Twin Concept 

In this paper, a DT was used as a measure to present the research findings. In partic-

ular, the DT of a city block was developed to accurately replicate the key features required 

to accurately predict energy consumption and simulate energy production. The method-

ological scheme of the proposed DT approach is illustrated in Figure 1. 

 

Figure 1. Methodological scheme of the digital twin. 

Figure 1 depicts the three main blocks that were used to create the DT of the analysed 

city block: (1) a 3D model, (2) energy consumption data, and (3) an energy production 

simulation. The DT combined these blocks in a single system where an energy simulation 

can be performed based on real energy consumption data, and RES parameters can be 

selected for optimal performance. 

The 3D model was created using UAV photogrammetry. The model was a 3D mesh 

representing the geometric features of a city block. The aerial photographs were taken 

with a DJI Mavic 2 Pro drone. The 3D model was created using Bentley Systems Con-

textCapture, which generates 3D terrain models from individual photographs using pho-

togrammetry algorithms. The model was geolocated in the LKS 94 (EPSG:3346) coordinate 

system. The 3D model served two main purposes. Firstly, it determined the shading on 

PV modules caused by various proximities such as chimneys, aerials, trees, or other struc-

tures. Secondly, the 3D model provided a visual representation of the entire city block. 

The generated 3D terrain model was uploaded to Bentley OpenCitiesPlanner, where it 

was supplemented with energy consumption data and the results of the energy produc-

tion simulation. 
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Since it was impossible to install real-time sensors in numerous private properties, 

historic data was used instead. The energy consumption data block included data on elec-

tricity consumption, space heating, and domestic hot water (DHW) preparation for the 

studied buildings in the city block. The quantities of space heating and DHW preparation 

(in kWh) were derived from energy consumption records of buildings in the analysed city 

block from 2011 to 2021. These records were obtained from meter readings from the resi-

dents of these buildings. This was possible because in Lithuania, energy consumption data 

are recorded each month for every property. These records provided historical data that 

showed how energy consumption had changed in the same building before and after ren-

ovation, allowing for an estimation of how energy consumption will change after the en-

tire district is renovated. Electricity consumption (in kWh) was estimated using consump-

tion profiles of apartment buildings, a school, and kindergartens in the analysed city 

block. Section 2.3 provides a more detailed explanation of the methodology and data prep-

aration for energy consumption. 

The integration of RES into the buildings of the analysed city block was assumed by 

including two types of energy production: electricity production with PV modules and 

space heating, and DHW production with heat pumps and electric heaters. The energy 

production simulation was based on data from the 3D model and the energy consumption 

data block. The 3D model provided essential data for solar PV energy production. The 

geometry allowed for the estimation of available roof areas for PV modules, as well as the 

shading effect. Solar energy production was simulated using the Prosumer Simulation 

Tool developed in the EU project [34]. The required amount of demanded electricity to be 

estimated from the electricity consumption stored in the energy consumption data block. 

The required capacity of heat pumps and electric heaters was estimated based on space 

heating and DHW consumption stored in the energy consumption data block. The opti-

mal selection of HPs and EHs was determined using a mathematical optimization model. 

The methodology of the energy production simulation is discussed in more detail in Sec-

tion 2.4. 

2.2. Location 

The analysed site was a typical residential district in Kaunas, Lithuania, at a terrain 

altitude of approximately 67 m above sea level. The site exhibited specific characteristics, 

including a PV power output of 1036 kWh/kWp per year, direct normal radiation of 960 

kWh/m2 per year, global horizontal radiation of 1031 kWh/m2 per year, diffuse horizontal 

irradiation of 536 kWh/m2 per year, and global tilted irradiation at an optimum angle of 

1234.5 kWh/m2 per year. The optimum tilt angle for PV modules is 38/180° [35]. 

The analysed city block has clear urban and city infrastructure boundaries, and a city 

renewal plan by blocks is already being implemented. A significant number of apartment 

buildings in the block have been renovated. Since the soviet-era apartment buildings fol-

lowed standardized designs, it enables a fairly accurate assessment of the future electricity 

and heat requirements when all the buildings within the block are renovated. 

The city block included 53 buildings, consisting of one school, four kindergartens, 

and 48 residential apartment buildings (1694 apartments). These buildings were con-

structed between 1957 and 1965, and this block was one of the first apartment blocks of 

typical soviet construction in Kaunas. It is a typical residential block for Kaunas City, con-

sisting of the same infrastructure and buildings as most of the districts built in soviet era. 

This allows for the tested measures be applicable to other districts.  

As of now, 31 apartment buildings have already been renovated, achieving an energy 

efficiency class of B-C (with only eight buildings reaching class B). Additionally, none of the 

buildings have renewable energy systems installed. The energy efficiency class for non-reno-

vated apartment buildings is only E-F, and these buildings are currently undergoing a deep 

renovation process. The 3D model of the analysed city block is demonstrated in Figure 2. 
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Figure 2. Three-dimensional model representation of the buildings in the city block. 

There were six types of residential buildings in the location. The main technical and 

structural parameters of all the buildings in the analysed city block are shown in Table 1. 

Table 1. Parameters of buildings in the city block. 

Building 

Type 

Year of  

Construction 

Heated Floor 

Area (m2) 

Number of 

Storeys 

Number of Apartments 

in Building 

Number of  

Buildings of This Type in the 

City Block 

Apartment 

Type I 
1957–1962 718–730 4 16–18 17 

Apartment 

Type II 
1960–1962 1419–1443 4 31–32 13 

Apartment 

Type III 
1960–1963 1910–1950 4 43–48 5 

Apartment 

Type IV 
1961–1962 2873–2880 5 60–61 8 

Apartment 

Type V 
1961–1962 1218–1224 4 32 3 

Apartment 

Type VI 
1965 2640 9 108 2 

School  1964 4051 1 – 1 

Kindergarten 

I 
1962 1015 2 – 1 

Kindergarten 

II 
1964 998 2 – 1 

Kindergarten 

III 
1961 777 2 – 1 

Kindergarten 

IV 
1961 791 2 – 1 

2.3. Energy Consumption 

2.3.1. Electricity 

The electricity balances for each building in the block and for the entire block were 

prepared. The electricity demand for household purposes and building operations was 

assessed, taking into account the requirement for corresponding amount of electricity to 

be supplied from the national power grid. In the case where a solar PV system is installed 
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in a building and electricity is produced on-site, the generated PV electricity is first used 

to meet domestic consumption, and the surplus is supplied to the distribution grid using 

the “virtual storage” service. In the case where a heating system with HPs and EHs is 

considered, the surplus of PV on-site generated electricity is used to power this system. 

Electricity consumption (in kWh) was estimated using consumption profiles of apart-

ment buildings, a school, and kindergartens in the analysed city block. Domestic electric-

ity demand data for apartment buildings was prepared according to the electricity con-

sumption of two types of families: senior families and families with children. The resi-

dents’ data records demonstrated that, on average, senior families consumed approxi-

mately 42% less electricity than families with children. The monthly electricity profile for 

each apartment building was prepared according to the hourly electricity consumption 

profile of residents on workdays and weekends, taking into account the number of apart-

ments in each building. The data on electricity demand for the school and kindergartens 

was compiled based on the real hourly electricity consumption of the school averaged 

over the 2015–2020 period. This profile was also applied to the kindergartens based on the 

area of the building. 

The electricity consumption profile for the entire city block was obtained based on 

the total electricity consumption of apartment buildings, the school, and kindergartens. 

The electricity consumption data for each month used in the simulation is presented in 

Figure 3. 

 

Figure 3. Domestic electricity consumption of buildings in the city block. 

The total annual domestic electricity consumption of the city block was 3490 MWh. 

The majority of the electricity was consumed by apartment buildings (91.37%), while the 

remaining portion was used by the school and kindergartens (8.63%). 

2.3.2. Heat 

The heat demand for space heating and DHW was assessed for all buildings in the 

city block. Data on the monthly heat consumption of each building is publicly available 

on the website of the DH company AB “Kauno energija” [36]. 

Heat Consumption for Space Heating 

Primary data on monthly heat consumption for space heating for each building dur-

ing the period from January 2011 to August 2021 was collected. In this analysis, the data 
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was recalculated into the standard (average) year, where the heat consumption of each 

month was normalized by evaluating the number of degree days. The monthly degree 

days of the standard heating season were calculated based on the actual degree days of 

every month during the analysed period [37]. The current normalized amount of heat 

consumed in the buildings for space heating was determined to be 9763 MWh/year (per 

heating season). The heating season in Lithuania typically lasts from the 15th of October 

to the 15th of April. 

A significant number of the apartment buildings in the city block had already been 

renovated, and renovation investment plans are currently being prepared for the remain-

ing apartment buildings. The heat demand of the renovated buildings for space heating 

was determined by taking into account the level of consumption in the heating seasons 

after the renovation of the building. For the apartment buildings that had not been reno-

vated, the heat consumption for space heating after the future renovation was determined 

as follows: since the design and heat consumption of the apartment buildings of the same 

type in the city block are very similar, it was assumed that, after renovation, the heat de-

mand of the apartment buildings for space heating would be at the same level as the al-

ready renovated buildings of that type. It was determined that when the renovations of 

all buildings in the city block are completed, the heat demand for space heating will be 

5530 MWh/year. 

Heat Consumption for DHW Preparation 

DHW is used for household needs (for example, showering and cooking) in apart-

ment buildings and educational institutions. Data on actual DHW consumption in apart-

ment buildings, obtained from the district heating company, demonstrated that DHW 

consumption is very stable every month throughout the year. Therefore, it was assumed 

that the heat demand for DHW preparation in apartment buildings will remain stable in 

the future. In almost all the buildings in the city block, the DHW was prepared in the 

buildings’ substations using the heat supplied by the city’s DH network. Before renova-

tions, several apartment buildings prepared DHW individually using electricity and did not 

use the heat supplied by the DH network. After the renovation, the DHW was only prepared 

in the buildings’ substations. It was assumed that, after the renovation, DHW would pre-

pared in the substations of the apartment buildings that had not yet been renovated. The 

heat consumed by DHW preparation in the educational institutions was determined accord-

ing to the data published by the DH company. It was assumed that the consumption quan-

tities and demand schedules would not change in the future. The heat demand for DHW 

preparation in the buildings in the city block amounted to 3463 MWh/year. 

Table 2 presents the different building types in the analysed city block, along with 

their average annual heat demand. Due to slight variations in heated floor areas and the 

number of apartments within each building type (as shown in Table 1), the annual heat 

demands were averaged. 

Table 2. Heat demand of buildings in the city block. 

Building Type 

Average Annual Heat Demand 

for Space Heating (MWh) Average Annual Heat Demand for 

DHW Preparation (MWh) Before  

Renovation 

After  

Renovation 

Apartment Type 

I 
96 54 22 

Apartment Type 

II 
201 103 50 

Apartment Type 

III 
248 128 59 
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Apartment Type 

IV 
242 154 167 

Apartment Type 

V 
160 82 50 

Apartment Type 

VI 
374 187 281 

School  N/D 485 8 

Kindergarten I N/D 97 4 

Kindergarten II N/D 84 9 

Kindergarten III N/D 82 20 

Kindergarten IV N/D 83 10 

In the energy production simulation, the annual heat demand included both space 

heating and DHW preparation, which amounted to 8993 MWh/year. 

2.4. Energy Production Simulation 

2.4.1. Electricity 

The Prosumer Simulation Tool, developed during the EU Horizon2020 project iDis-

tributedPV [34], was used for simulating solar PV electricity production. The tool is based 

on the simulation of the demand (including active demand response), solar PV power 

generation, and the use of Net-Metering protocols [38]. 

An economic assessment was performed based on the following criteria: the cost of 

the solutions, investments, and operation and maintenance costs; the rate of return of the 

solutions (solar PV units + storage devices + active demand management + control strate-

gies and procedures), and the benefits that the system would yield from distributed solar 

PV: reduction in electricity losses, reduction in imported fossil fuel consumption, and mit-

igation of CO2 emissions. The calculations of parameters considered in this paper, such as 

the payback period (PB), net present value (NPV), degree of self-sufficiency, and internal 

rate of return (IRR), are described in [39]. 

2.4.2. Heat 

The optimal heat pump system for each building in the city block was selected using 

a mathematical optimization model of mixed integer programming. External factors, ge-

othermal, gas (hybrid), and air-to-water heat pumps with higher capacities were included 

in the analysis. The objective of the optimization model was to select a heat pump system 

for each building in the city block in order to minimize the annual cost of space heating 

and DHW production while also reducing GHG emissions. The main constraint of the 

optimization model was to meet the monthly basic heat demand for each building. Addi-

tionally, a heat consumption analysis was performed to assess peak heat consumption, 

which was met by auxiliary electric heaters. 

The multi-objective optimization problem was solved using goal programming, 

which transforms a problem with two objective functions into a problem with a single 

objective function. Positive weights �� and �� that reflect the importance of the individ-

ual targets are introduced using a weighting method.  

The multi-objective optimization problem is formulated as follows: 

Min {����
� + ����

�}, subject to: 

� � ��������

��

���

��

���

+ � �̃���

��

���

+ ��
� − ��

� = 0; (1)
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� � �����̅��� + ��
� − ��

� = 0

��

���

��

���

; (2)

� �������� ≥ ��, � = 1, . . . 12;

��

���

 (3)

here: ��, ��
�, ��

�, ��
�, ��

� ≥ 0, �� ∈ ℤ, 0 ≤  ��� ≤ 1; 

 �—index of the heat pump, � = 1, . . . ,25; 

 �—index of the month, � = 1, . . . ,12; 

 ��—number of heat pump i, �� ∈ �; 

 ��� —the proportion of maximum capacity that heat pump i operates in month k; 

 ���—electricity or gas consumption costs of heat pump i in month k, assuming that 

the heat pump operates at full capacity every month (EUR); 

 �̃� —annual costs of heat pump i including its price, installation, and maintenance 

costs (EUR); 

 ��̅�—annual costs of CO2 emissions of heat pump i in month k when the heat pump 

is operating at full capacity (EUR); 

 ���—maximum heat output of heat pump i in month k (kWh); 

 ��—basic heat demand in month k (kWh); 

 ��
�, ��

�—deviational variables that measure the underachievement of the target; 

 ��
�, ��

�—deviational variables that measure the overachievement of the target. 

The optimization problem was solved using the Python programming language and 

the BARON solver [40]. The solutions obtained included the optimal heat pump system 

for each building in the city block. 

3. Scenarios and Modelling Assumptions 

3.1. Description of Scenarios and Assumptions for Energy Prices 

In this paper, a digital twin serves not only as a 3D digital representation of physical 

buildings, visualizing the geometrical features of a city block, but also as a tool of the phys-

ical system, effectively representing energy consumption data in these buildings. This capa-

bility enables the use of a digital twin in the simulation procedure. To implement this, a total 

of five scenarios were proposed to analyse decarbonization possibilities in heating and elec-

tricity systems when considering energy deep renovations of buildings in a city block. 

In scenario 1 (further referred to as SC1), the installation of heat pumps and electric 

heaters is considered in each building in the analysed city block. The installed capacity of 

the heating system must satisfy the total demand for space heating and domestic hot wa-

ter production in each building during the year (100% independence from the DH net-

work). The source of electricity to power the heating system is the national power grid. 

Domestic electricity consumption is also satisfied by the power grid. 

In scenario 2 (further referred to as SC2), the installation of PV modules is considered 

for the available rooftop areas in each building in the analysed city block. The potential of 

solar PV production is determined by the available space for PV modules on building 

rooftops. The electricity produced from the PV modules is used for domestic consump-

tion, with any remaining demand being satisfied by the power grid. 

Scenario 3 (further referred to as SC3) combines SC1 and SC2, where both heating 

and PV systems are installed, but they are assumed to operate independently with no 

interaction between them. The electricity from solar PV production is used solely for do-

mestic consumption, with any remaining demand being satisfied by the power grid. Ad-

ditionally, electricity to power HPs and EHs is supplied solely from the power grid.  

In scenario 4 (further referred to as SC4), a hybrid system comprising of HPs, EHs, 

and PV modules is considered. The main difference from SC3 is that electricity from the 

solar production is used not only for domestic electricity consumption, but also to power 
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HPs and EHs. However, this electricity is used only for DHW production, not for space 

heating. The remaining part of electricity (domestic, HPs, and EHs consumption) is sup-

plied from the power grid. 

Similar to SC4, scenario 5 (further referred to as SC5) considers a hybrid system com-

prised of HPs, EHs, and PV modules. However, the key distinction from SC4 is that the 

electricity generated from solar PV system is used to power HPs and EHs for both DHW 

production and space heating. The remaining part of electricity (domestic, HPs, and EHs 

consumption) is supplied from the power grid. 

The main characteristics of the proposed scenarios are outlined in Table 3.  

Table 3. Description of the proposed scenarios. 

Scenarios Technologies Electricity Supply Source 

Scenario 1 (SC1) HPs, EHs Domestic—power grid 

Scenario 2 (SC2) PV HPs and EHs—power grid 

Scenario 3 (SC3) HPs, EHs, PV Domestic—PV and power grid 

Scenario 4 (SC4) HPs, EHs, PV Domestic—PV and power grid 

Scenario 5 (SC5) HPs, EHs, PV HPs and EHs—power grid 

To take into account the drastic rise in energy prices in 2022, two cases were included 

for each scenario with different electricity and heat prices to reflect the situation (Table 4). 

Additionally, the electricity price in Lithuania was changed on 1 July 2022 as a result of 

the liberalization of the electricity market. 

Table 4. Assumptions for electricity and heat prices. 

Scenario Alternative (case) Electricity Price (EUR/kWh) Heat Price (EUR/kWh) 

A 0.129 0.0429 

B 0.240 0.0707 

In Case A, the average prices of the previous five years 2022 (2017–2021) charged by 

electricity and heat suppliers were considered. In Case B, the electricity price in 2022 

charged by electricity suppliers after the liberalization of the electricity market was taken 

into account [41]. The heat price in Case B was assumed to be on average 65% higher than 

in Case A, as set by the heat supplier in 2022 [42]. As a result, each analysed scenario was 

divided into two alternatives: SC_A and SC_B. Natural gas prices, set by UAB “Ignitis” in 

Lithuania, are used for both alternatives and are based on 2022 prices of 0.77 EUR/m3 with 

a monthly fee of 3.99 EUR [43]. 

3.2. Assumptions for Electricity Production Simulation 

Hypothetical solar PV panels with the following main parameters were used in the 

simulation: nominal power—250 W, total efficiency—15%, PV module size—1.7 m2, PV 

degradation rate per year—0.5%, estimated installation price based on current market 

prices—1000 EUR/kW. Instead of batteries, available Net-Metering protocols were used 

for the storage of the surplus electricity. A fixed payment of 0.054 EUR/kWh for stored 

and recovered electricity, as proposed by Lithuanian electricity distribution operator ESO, 

was used in the simulation [38]. 

3.3. Assumptions for Heat Production Simulation 

In the analysis, various types of heat pumps, including geothermal, air-to-water, and 

hybrid models, were considered. A total of 25 heat pumps with varying capacities and 

coefficients of performance (COP) were analysed. The range of capacities was from 25 kW 

to 240 kW, and the COP range was from 3.7 to 4.8. The maximum values for capacity and 

COP were based on the specifications provided by the heat pump manufacturers. To 
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simplify the optimization model and reduce the computational time required for the sim-

ulations, the COP and capacity parameters of the heat pumps were assumed to be constant 

throughout the year. This assumption provided a reasonable approximation of the actual 

performance of heat pumps under typical operating conditions, given that their COP and 

capacity are relatively stable during the heating season. However, this assumption may not 

hold only under extreme weather conditions or for certain types of heat pumps, which were 

not applicable in this study. The annual cost of the heating system included the cost of the 

heat pump, its installation and maintenance, as well as the cost of electricity or gas consump-

tion (operational costs).  

It was assumed that the annual maintenance costs for gas and air-to-water heat pumps 

were 2% of the heat pump price, while for geothermal heat pumps, these costs were fixed 

at 950 EUR per year. When estimating the heating price over a 20-year period, a shorter 

warranty period for gas and air-to-water heat pumps was taken into account, assuming that 

they needed to be replaced after 10 years of operation. The second goal of the task (reduce 

GHG emissions) was achieved by introducing a tax of 80 EUR per tonne of CO2 emissions 

and minimizing the total cost per year for emissions. A discount rate of 5% was used in the 

simulation. 

4. Results and Discussion 

In this Section, the results of the conducted case study are presented for each of the 

analysed scenarios (Sections 4.1–4.5). Section 4.6 summarizes and compares the results of 

the scenario simulations fover a 20-year period.  

4.1. Results of SC1 

The optimization technique presented in Section 2.4.2 was applied to perform the 

optimization of heat pumps and electric heaters selection with the aim of minimizing costs 

and CO2 emissions over a period of 20 years. The optimization was carried out separately 

for different types of buildings: apartment buildings, kindergartens, and a school. A sum-

mary of the main results of this analysis is presented in Table 5. Most of the parameters 

for both cases A and B are the same, with only the total costs and the Levelized Cost of 

Heat (LCOH) being different, which were affected by the assumed difference in electricity 

and heat prices in the modelling procedure.
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Table 5. Optimization results of heating systems for different types of buildings. 

Building 

Type 

Number of 

Buildings 

Annual Heat  

Demand (MWh) 
Type of HPs 

Installed  

Capacity of 

HPs (kW) 

Installed  

Capacity of EHs 

(kW) 

Investments per  

Analysed Period 

(EUR) 

Scenario  

Alternative 

Total Costs per  

Analysed Period 

(EUR) 

LCOH (EUR/kWh) 

Apartment 

type I 
17 1287 Air-to-water 458 510 591,078 

A 1,600,211 0.0622 

B 2,395,396 0.0931 

Apartment 

type II 
13 1989 Air-to-water 722 468 877,344 

A 2,450,555 0.0616 

B 3,693,507 0.0929 

Apartment 

type III 
5 933 Air-to-water 330 450 377,060 

A 995,760 0.0533 

B 1,480,719 0.0793 

Apartment 

type IV 
8 2569 Geothermal 846 1116 887,674 

A 2,737,571 0.0533 

B 4,198,551 0.0817 

Apartment 

type V 
3 397 Air-to-water 137 189 174,210 

A 483,654 0.0609 

B 728,546 0.0918 

Apartment 

type VI 
2 936 Geothermal 299 384 283,296 

A 888,653 0.0475 

B 1,376,844 0.0735 

Kindergarten 4 389 Air-to-water 147 218 187,500 
A 496,726 0.0639 

B 739,881 0.0951 

School 1 493 Geothermal 191 288 156,466 
A 496,999 0.0504 

B 773,666 0.0785 

Total per city 

block 
53 8993 

Air-to-water, 

Geothermal 
3130 3623 3,534,628 

A 10,150,129 0.0564 

B 15,387,110 0.0856 
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In the optimization, two types of heat pumps were selected: air-to-water and geo-

thermal. Geothermal heat pumps with higher capacities were found to be optimal for 

larger buildings with higher heat demands (apartment buildings type IV, type VI, and the 

school). For other types of buildings, air-to-water heat pumps were determined to be the 

optimal solution. The total installed capacity of HPs for the different types of buildings in 

the entire city block ranged from 137 to 846 kW, primarily depending on the total heat 

demand of these buildings. The total installed capacity of HPs for the entire city block was 

3.13 MW.  

The installed capacity of EHs was determined based on the need to cover high peaks 

in heat demand over a short period of time. EHs are only used to cover these peaks to 

avoid the high installed capacity of HPs, which have comparatively higher investments. 

After the installation of the heating system, the average heat price for 20 years for the 

analysed city block was 0.0564 EUR/kWh in Case A and 0.0856 EUR/kWh in Case B. The 

lowest LCOH was achieved for nine-story apartment buildings (type VI), where the opti-

mal solution was a geothermal HP. The determined solutions demonstrate that it is more 

cost-effective to install geothermal HPs in buildings with higher heat demands. Although 

these HPs require higher investments than air-to-water HPs, their lifetime is at least 20 

years. In addition, because the ground temperature is more constant, geothermal HPs can 

operate efficiently even when the outside temperature is low, saving more energy for 

heating. The total costs for the city block over 20 years of operation were approximately 

10.15M EUR in Case A and 15.39M EUR in Case B. These costs include the cost of the 

heating system and its installation, operation, and maintenance costs, as well as the cost 

of electricity to power HPs and EHs throughout 20 years of operation.  

The technical performance of the analysed heating system is demonstrated by heat and 

DHW production. The results for the city block for each month of one year are shown in 

Figure 4.  

 

Figure 4. Monthly heat and domestic hot water production of the proposed heating system for the 

city block. 

Monthly DHW production remains relatively constant throughout the year (approx-

imately 290 MWh) and is fully covered by HPs. Space heating in the city block is required 

from October to May and is primarily produced by HPs. However, during the coldest 

months with the highest heat demand, EHs are used for a limited number of hours to 
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cover peaks in heat demand. For example, in January, when heat demand is highest, EHs 

were used 8.7% of the time. 

The total investments over a 20-year period were approximately 3.53M EUR. This 

included the cost of the heating system, its installation, and the replacement of the air-to-

water HPs and EHs after 10 years of operation due to their shorter lifetime. The operation 

and maintenance costs of the selected heating system over a 20-year period would amount 

to approximately 6.62M EUR in Case A and 11.86M EUR in Case B. 

The financial parameters of the entire city block in both cases did not indicate that 

the proposed system would be profitable, and the payback period was not reached within 

the 20-year modelling period. The proposed heating system results in negative NPV 

(−2.42M and −2.28M EUR) and negative IRR (−5.74% and −4.83%) in cases A and B, respec-

tively. The main reason for this was the relatively high LCOH of the installed system com-

pared to the current average heat price provided by the heat supplier: 0.0564 vs. 0.0429 

EUR in Case A and 0.0856 vs. 0.0707 EUR in Case B. To achieve a PB of the analysed system 

in seven years, an additional 82.24% and 80.01% of financing or external support would 

be required in cases A and B, respectively. This represents the cost of achieving 100% in-

dependence from the DH network and the ability to produce all the required heat on-site 

using HPs and EHs. 

However, if DH prices continue to rise rapidly, this may significantly reduce the PB 

and improve the economic attractiveness of these projects in the near future. 

4.2. Results of SC2 

In SC2, a simulation of a PV system for 20 years was performed using the Prosumer 

Simulation Tool presented in Section 2.4.1, and the assumptions were discussed in Section 

3. The total installed capacity of 1882 kWp was determined based on the available rooftop 

space of all analysed buildings in the city block. Figure 5 illustrates the performance of the 

proposed PV system and domestic electricity consumption in the analysed city block. The 

technical performance of the PV system did not differ between cases A and B. 

 

Figure 5. PV system electricity performance and consumption in SC2. 

In Figure 5, the Self-consumption variable presents the amount of on-site PV-gener-

ated electricity that was consumed in the buildings instantaneously as it was being pro-

duced. If the electricity consumption was higher than PV production, the remaining 

0%

10%

20%

30%

40%

50%

60%

−200 

−100 

0

100

200

300

400

500
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

D
eg

re
e 

o
f 

se
lf

-s
u

ff
ic

ie
n

cy

M
W

h

Self-consumption Purchased Imported

Exported Domestic consumption Degree of self-sufficiency



Sustainability 2023, 15, 9307 19 of 27 
 

electricity was purchased and supplied from the grid (variable Purchased). If the electric-

ity consumption was lower than PV production, the surplus PV-generated electricity was 

exported to the grid for storage (variable Exported). In this case, the grid served as a “vir-

tual battery”, and the recovery of electricity depended on the net-metering strategy. If 

there was available electricity in the grid’s “virtual battery”, it could be imported (recov-

ered) and consumed when consumption exceeded PV production (variable Imported). 

The domestic electricity consumption of the city block buildings was depicted using the 

variable Domestic consumption. 

An important metric for evaluating the performance of a solar PV system is self-suf-

ficiency, which measures the degree to which on-site generation is sufficient to fill the 

energy needs of a building [44]. A higher self-sufficiency value can increase the profitabil-

ity of the PV system and reduce the load on the grid. The results of SC2 indicate that the 

average degree of self-sufficiency during the months of May to August was 48.22%, rang-

ing from 42.12% in August to 52.47% in June. The annual degree of self-sufficiency for SC2 

was 22.36%. Throughout June and July, no electricity needed to be purchased, as the con-

sumption was met by PV generation and electricity that had been previously exported 

due to the storage of surplus PV generation stored in the grid. The total investments of 

the PV system were approximately 1.88M EUR, while the levelized cost of electricity 

(LCOE) was 0.1266 EUR/kWh.  

Other financial indicators of the proposed PV system were highly dependent on the 

price of purchased electricity, resulting in vastly different outcomes for cases A and B. The 

PB for Case A was 14.69 years, whereas for Case B it was 7.12 years. To achieve a PB of 

seven years for the PV system in Case A, 51.45% additional incentives would be required, 

whereas for Case B, only 1.7% would be needed. A significant increase in the electricity 

prices would shorten the PB of the PV system and improve its overall financial perfor-

mance. The NPV for Case A was negative (−294k EUR), while for Case B it was positive 

and substantial (1.36M EUR). The IRR also varied significantly between the two cases: 

3.06% for Case A and 12.64% for Case B. A rise in electricity prices would make the PV 

system more financially attractive in the analysed city block, with shorter PB and higher 

returns. 

4.3. Results of SC3 

In this scenario, only the financial results will be presented, as the technical perfor-

mance of the heating and PV systems did not change when they were combined into a 

hybrid system without considering their interaction. The technical performance of these 

systems in this scenario was the same as the results of SC1 and SC2, as shown in Figures 

4 and 5 and discussed above. 

The results of SC3, in which a hybrid system is installed in the city block, revealed 

that the total investments were approximately 5.42M EUR. In Case A, the PB was not 

reached within the 20-year modelling period, while in Case B, the PB was 14.95 years. To 

achieve a PB of seven years, external financial support of 71.54% and 52.80% would be 

needed in Case A and Case B, respectively. The NPVs for both cases were negative, re-

sulting in −2.71M EUR in Case A and −916k EUR in Case B. The IRR demonstrated a neg-

ative value of −2.06% in Case A and a positive value of 2.89% in Case B. However, in both 

cases, the IRR did not exceed the desired discount rate of 5%.  

One way to enhance the economic performance of the hybrid system is to take into 

account the interaction between the heating and PV systems. This can be achieved by uti-

lizing the excess PV-generated electricity to operate HPs and EHs for DHW production 

and space heating. The results of these two options are discussed in scenarios SC4 and 

SC5 below. 
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4.4. Results of SC4 

In this scenario, the domestic electricity consumption is supplemented by the elec-

tricity consumption of HPs and EHs for DHW production. Thus, Figure 6 demonstrates 

the results distributed across different parameters separately for domestic and HPs. When 

the installed heating system used electricity produced by the PV modules for DHW pro-

duction, the self-sufficiency parameter compared to SC2 slightly decreased due to in-

creased total consumption. The annual degree of self-sufficiency in SC4 was 21.16%. 

 

Figure 6. Hybrid system electricity performance and consumption in SC4. 

However, self-consumption increased as a larger amount of on-site PV-generated 

electricity could be used not only to cover domestic electricity consumption but also to 

power HPs and EHs for DHW production. This reduced the amount of electricity exported 

to the grid and improved the economic performance of the hybrid system (Figure 6). 

The results of the economic parameters were dependent on the case being analysed. 

The LCOH was lower than in SC1, at 0.0544 EUR/kWh in Case A and 0.0818 EUR/kWh in 

Case B. The LCOE remained at a very similar level as in SC2, at 0.1266 EUR/kWh and 

0.1265 EUR/kWh in Case A and Case B, respectively.  

Only Case B demonstrated a PB of less than 20 years, at 14.14 years. To reach a PB of 

seven years for this hybrid system, 69.49% and 50.18% of external financial support would 

be required in Case A and Case B, respectively. In both cases, negative NPVs were ob-

served, resulting in −2.51M EUR in Case A and −678k EUR in Case B. The IRR in Case A 

was −1.43%, while in Case B it was 3.45%. Similar to SC3, in both cases, the IRR did not 

exceed the desired discount rate of 5%. 

Slightly improved economic parameters were observed in SC4 compared to SC3, as 

some of the on-site PV-generated electricity could be used not only to cover domestic elec-

tricity demand, but also to power HPs and EHs for DHW production. This resulted in less 

electricity needing to be purchased from the supplier, leading to larger savings. However, 

this effect was more notable during the warmer months of the year (April–September), 

when PV modules generate surplus electricity (when consumption is lower than PV gen-

eration for a large amount of time). 
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4.5. Results of SC5 

In this scenario, HPs and EHs use electricity generated from PV not only for DHW 

production, but also for space heating. As a result, the total electricity consumption in-

creased significantly, particularly during the colder months (October–March) when the 

heating demand was highest (Figure 7). 

 

Figure 7. Hybrid system electricity performance and consumption in SC5. 

The self-consumption parameter increased more than in SC4, as a larger amount of 

on-site generated PV electricity was used and less was exported to the grid, resulting in 

higher savings. However, self-sufficiency decreased significantly, particularly during the 

winter months, as the demand for electricity increased significantly due to the operation 

of HPs and EHs, which satisfy the heat demand independently of the heat network. The 

heat from the DH network was not used in this scenario. The annual degree of self-sufficiency 

in SC5 was 16.29%. During months when heat supply was not needed, the results were the 

same as in SC4. 

The performance of the economic parameters in SC5 was slightly better than in SC4. 

The LCOH was 0.0539 EUR/kWh in Case A and 0.0809 EUR/kWh in Case B, while the 

LCOE remained similar to other scenarios at 0.1268 EUR/kWh and 0.1270 EUR/kWh in 

Case A and Case B, respectively. 

The PB in Case B was 13.95 years, while in Case A it was not reached within the 20-

year modelling period. Additionally, external financial support of 68.78% in Case A and 

49.07% in Case B would be required to achieve a PB of seven years for this hybrid system. 

The NPV results were negative, similar to SC4, with −2.44M EUR in Case A and −582k 

EUR in Case B. The IRR also demonstrated similar results, with −1.23% in Case A and 

3.68% in Case B, neither of which exceed the desired discount rate of 5%. 

The economic attractiveness of the hybrid system in SC5 was the best among the an-

alysed scenarios. However, the main drawback of the analysed system was the significant 

mismatch between the highest on-site PV generation during summer months and the 

highest heat demand during winter months, resulting in minimal overlap. This led to a 

limited amount of PV-generated electricity available to power HPs and EHs for DHW 

production and space heating. Additionally, surplus PV-generated electricity must be ex-

ported and stored in the power grid, incurring additional costs due to the costs associated 

0%

10%

20%

30%

40%

50%

60%

−200 

0

200

400

600

800

1000
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

D
ef

re
e 

o
f 

se
lf

-s
u

ff
ic

ie
n

cy

M
W

h

Self-consumption (for domestic) Self-consumption (for HPs)

Purchased (for domestic) Purchased (for HPs)

Imported (for domestic) Imported (for HPs)

Exported Total consumption (domestic and HPs)

Domestic consumption Degree of self-sufficiency



Sustainability 2023, 15, 9307 22 of 27 
 

with storing and recovering electricity from the grid, which depend on the prosumer net-

metering scheme. 

4.6. Summary and Comparison of the Results of the Analysed Scenarios 

The results of the simulated scenarios indicated that the technical performance and 

economic parameters of the analysed system solutions were highly dependent on heat 

and electricity prices. Figure 8 compares the scenarios in terms of electricity performance 

and consumption, with SC3 excluded, as it showed the same results as SC2. 

 

Figure 8. A comparison of electricity performance and consumption in the analysed scenarios. 

In SC1, the proposed heating system utilizing heat pumps and electric heaters to fully 

satisfy heat demand in the city block was not economically viable within a 20-year period. 

The economic performance of this system could be improved if the installation and in-

vestments were to decrease and heat prices were to increase significantly. 

In SC2, particularly in Case B, the proposed PV system is economically attractive when 

electricity prices in the market are high. However, the system is limited by the available 

rooftop space of buildings, which somewhat reduces the self-consumption parameter. 

The hybrid system demonstrates the best results in terms of technical performance 

and economic viability when on-site PV-generated electricity is used not only for domestic 

electricity consumption, but also to power the heat pumps and electric heaters. However, 

the main limitation of this system is that the highest PV generation occurs during the sum-

mer months when there is no heat demand, resulting in low self-consumption utilization. 

Table 6 summarizes the simulation results for all the analysed scenarios.  

Table 6. Summary of numerical results of the analysed scenarios. 

Parameters 
Scenarios 

SC1_A SC1_B SC2_A SC2_B SC3_A SC3_B SC4_A SC4_B SC5_A SC5_B 

Total installed capacity of 

HPs (kWh) 
3130 3130 - - 3130 3130 3130 3130 3130 3130 

Total installed capacity of 

EHs (kWh) 
3623 3623 - - 3623 3623 3623 3623 3623 3623 
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Total installed PV capacity 

(kWe) 
- - 1882 1882 1882 1882 1882 1882 1882 1882 

Investments (M EUR) 3.53 3.53 1.88 1.88 5.42 5.42 5.42 5.42 5.42 5.42 

PB (years) 39.41 35.01 14.69 7.12 25.17 14.95 23.40 14.14 22.88 13.95 

NPV (M EUR) −2.42 −2.28 −2.94 1.36 −2.71 −0.916 −2.51 −0.678 −2.44 −0.582 

IRR (%) −5.74 −4.83 3.06 12.64 −2.06 2.89 −1.43 3.45 −1.23 3.68 

Support level for a 7-year PP 

(%) 
82.24 80.01 51.45 1.70 71.54 52.80 69.49 50.18 68.78 49.07 

LCOE (EUR/kWh) - - 0.1266 0.1266 0.1266 0.1266 0.1266 0.1265 0.1268 0.1270 

LCOH (EUR/kWh) 0.0564 0.0855 - - 0.0564 0.0855 0.0544 0.0818 0.0539 0.0809 

Degree of self-sufficiency - - 22.36 22.36 22.36 22.36 21.16 21.16 16.29 16.29 

Produced heat by HPs and 

EHs, GWh 
179.86 179.86 - - 179.86 179.86 179.86 179.86 179.86 179.86 

Produced electricity by PV 

(Solar production), GWh 
- - 26.62 26.62 26.62 26.62 26.62 26.62 26.62 26.62 

Total installed capacity of 

HPs (kWh) 
3130 3130 - - 3130 3130 3130 3130 3130 3130 

The economic scenario analysis revealed that parameters such as NPV, IRR, PB, and 

LCOH are sensitive to electricity and heat purchase prices, particularly when the installation 

of a PV system is considered. The hybrid system in SC5 demonstrated slightly higher absolute 

values of these parameters in comparison to SC3 and SC4 in both cases A and B. For example, 

in SC5_A, the PB was 9.1% and 2.2% shorter than in SC3_A and SC4_A, respectively. The 

LCOH in SC5_B was also lower by 5.4% compared to SC3_B and 1.1% compared to SC4_B. 

The difference between the other parameter values in SC5 and other scenarios can be seen in 

Table 6. 

By introducing the integration of RES with a DT concept for city block renovation, this 

study provides an approach that combines two important domains in the field. While previ-

ous studies have explored RES solutions for buildings or digital twin applications in urban 

planning, this research offers a novel contribution by integrating these concepts and demon-

strating their effectiveness in optimizing building energy systems. This aspect itself represents 

an advancement in the existing literature. 

5. Conclusions 

The decarbonization of urban areas is becoming increasingly important as cities strive to 

reduce their carbon footprint. This paper focused on the decarbonization possibilities of a city 

block in Kaunas, Lithuania, by considering deep renovations of block buildings and the use 

of RES, including the installation of PV modules and various types of heat pumps and 

electric heaters. Several scenarios, including stand-alone and hybrid systems for electricity 

and heat production, were examined to define the optimal solution to provide energy 

from RES on-site. 

One of the main contributions of this study was the application of a digital twin, 

which provided a detailed 3D model of the city block. The DT recreated the essential fea-

tures required to simulate energy consumption and production and present research re-

sults. The use of the DT enabled an accurate estimate of the shadows cast by proximities 

and the available roof areas for PV module installation, allowing for a more precise eval-

uation of on-site PV electricity production potential. 

The main conclusions of this study are outlined as follows: 

 An analysis of heat consumption data revealed that renovated buildings consume 

43% less heat compared to those buildings that have not yet been renovated. 

 Replacing the heat supply from the DH network with heat pumps and electric heaters 

is not a financially viable solution when renovating buildings in the city block. It 
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results in a relatively high LCOH compared to the average purchased heat price of 

the heat supplier, and the payback period is not reached within the lifetime of the 

installed heat system. To achieve a payback period of seven years, approximately 

80% of external financial support would be required. 

 Almost all heat demand for buildings in the city block was satisfied by heat pumps, 

while electric heaters were used only 1.3% of the time, satisfying 4.28% of peak heat de-

mand. 

 Installation of PV modules on building roofs is a viable solution, particularly in scenarios 

with high electricity prices. In this case, the payback period can be reached in seven years, 

while in scenarios with low electricity prices, the payback period is approximately 15 

years. 

 It is not possible to fully cover domestic electricity consumption solely from on-site PV 

generation. It can cover 22% of the domestic electricity needs of the buildings in the city 

block. The unevenness of PV generation varies greatly during the year, making the sys-

tem dependent on the electricity “storage” service provided by the national grid. 

 A combination of heat pumps and a PV system (a hybrid system) in the renovation pro-

cess may be a viable solution for the city block to achieve full independence from the DH 

supply network. In this case, heat pumps and electric heaters would need to fully satisfy 

the demand for space heating and DHW production. However, the on-site PV-gener-

ated electricity would not be sufficient to fully meet the electricity needs of the heat 

pumps. Nevertheless, it would reduce the amount of electricity purchased from the 

supplier to power the heat pumps. This solution was found to be competitive both 

during the summer and the heating season by combining the installed heating system 

with the PV system.  

 The hybrid system scenario, in which on-site PV-generated electricity is utilized to 

power heat pumps not only for DHW production but also for space heating, demon-

strated the most favourable results. This case led to a payback of 13.95 years in the 

scenario with high prices, while in the scenario with low prices, it was not reached 

within the modelling period of 20 years. However, the annual degree of self-suffi-

ciency in this hybrid system scenario decreased from 22.36% to 16.29% when com-

pared to the stand-alone PV system.  

 In terms of the economic attractiveness of the hybrid system, the best results com-

pared to other scenarios analysed were obtained when the electricity generated from 

PV modules was utilized not only for domestic electricity consumption, but also to 

power heat pumps and electric heaters for both DHW production and space heating. 

This scenario resulted in a 9.1% shorter payback period and a 5.4% lower LCOH com-

pared to the other scenarios. 

 The application of the digital twin of the city block allowed for a more accurate anal-

ysis of solutions to provide electricity and heat to the buildings using RES technolo-

gies. The detailed 3D model enabled the estimation of shadows cast by proximities 

and the accurate calculation of available roof areas for PV module installation, allow-

ing for a more accurate evaluation of on-site PV electricity production potential.  

 The developed methodology can aid in the deep renovation of city blocks by consid-

ering the potential of RES technologies in buildings. The application of this method-

ology allows for the mitigation of emerging technical and economic risks associated 

with renovation projects and reduces initial investments. 

 The findings demonstrate the advantages of district-scale renovations. The most ben-

eficial scenario can be subsequently applied to district-scale renovations in the Baltic 

states and other Eastern European countries with similar city districts. The city blocks 

in this region were constructed in a similar manner, with comparable sizes, infra-

structure, and construction periods. 

The study has some limitations, and future research possibilities can be considered. 

It would be valuable to expand the scope of the study to include other cities with different 

climates and economic conditions. This will enable researchers to evaluate how the results 
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and conclusions of the study may differ in various contexts. Additionally, the study may 

benefit from an increased number of different heat pumps that are integrated into the 

optimization model, allowing for a more comprehensive analysis of their effectiveness in 

building renovations. Another potential area for research is the inclusion of batteries as 

backup systems for PV systems, which could provide additional insights into the potential 

benefits of this technology in the building renovation process. 

Additionally, this study has certain limitations stemming from data availability, as-

sumptions, and analysis techniques. Although the data utilized were generally reliable, 

as they were based on the actual energy consumption in buildings and an accurate 3D 

model, there may still be uncertainties in the results due to the assumptions made for the 

simulations. These assumptions may not fully capture the complexity of real-world sce-

narios, potentially resulting in discrepancies between the simulated and actual perfor-

mance. Furthermore, it is important to note that assumptions regarding electricity and 

heat prices play a crucial role in determining the optimal RES solution and may lead to 

uncertainties in the results. However, this limitation was addressed in the study by creating 

two scenarios (Case A and Case B) with different energy prices to show that the prices affected 

the results significantly. 

Overall, further research in this area has the potential to inform the development of more 

effective and sustainable building renovation strategies that leverage renewable energy 

sources. 
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Abbreviations 

5GHCS 5th Generation Heating and Cooling System 

BIM Building information modelling 

CityGML City Geography Markup Language 

COP Coefficient of Performance 

DH District heating 

DHW Domestic hot water 

DT Digital twin 

EH Electric heater 

EU European Union 

EUR Euro 

GHG Greenhouse gas 

GIS Geographic Information System 

HP Heat pump 

IRR Internal rate of return 

LCOE Levelized cost of electricity 

LCOH Levelized cost of heat 

NPV Net present value 

PB Payback period 
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PV Photovoltaic 

RES Renewable energy sources 

UAV Unmanned aerial vehicle 
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