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Abstract: Eco-certification schemes are usually launched with various incentives provided by local
governments to facilitate green building development and building energy retrofits. A number
of barriers to building energy retrofitting have been identified in previous literature, while the
barriers to the eco-certification of existing buildings are under-researched. Drawing on a set of
building data retrievable from the BEAM Society and other sources, we carried out an analysis and
found the building energy retrofitting, as well as the certification process, were unwelcomed in
multi-owned residential buildings. The identified shortfall is put forward from the perspectives of
transaction cost theory and agency theory. The findings reveal that high transaction costs incurred
during negotiations and coordination among a large number of co-owners within a typical apartment
building can outweigh the benefits of retrofitting and eco-certification. Besides, the remuneration
structure of third-party property management agents discourages agents from facilitating co-owners
to initiate retrofitting. This study provides significant implications for policymakers to understand
the concerns of building owners and managers over the decisions and the processes of both the
building energy retrofits and eco-certification. The problems and barriers unveiled in this study will
facilitate the refining of current energy efficiency policies and related incentives designs.

Keywords: building energy performance; building energy retrofits; green building certification;
transaction costs; agency theory; incentives

1. Introduction

In 2019, building construction and operations accounted for 35% of final energy
consumption and 38% of energy (and process-related) emissions [1]. The latest global
energy consumption data suggest that building energy use remains a significant proportion
of overall energy demand. The percentages of building energy consumption against total
final energy consumption in different areas are shown as follows: 57% in Africa, 40% in
Europe, 26% in ASEAN, China, and India, and 24% in Central and South Africa [1,2].
Many governments across the world have made significant efforts in promoting energy
efficiency in their built environments, providing various initiatives to drive building
owners or operators to retrofit their existing buildings. The United States has launched and
planned 203 energy-efficiency related policies for the building sector, followed by Australia
and Canada, with 94 energy efficiency policies, respectively [3]. China has launched and
planned 236 energy efficiency policies, with 59 being relevant to the building sector, varying
from regulatory instruments, building codes and standards, minimum energy performance
standards, economic instruments, strategic planning, etc., to fiscal/financial incentives.

To promote energy efficiency initiatives in Hong Kong, where buildings account for
90% of electricity consumption, the Hong Kong government has adopted both statutory

Energies 2021, 14, 6375. https://doi.org/10.3390/en14196375 https://www.mdpi.com/journal/energies

1



Energies 2021, 14, 6375

and non-statutory approaches to enhance the city’s overall building energy performance.
In Hong Kong, Leadership in Energy and Environmental Design (LEED) and BEAM Plus
(a green building rating tool managed by the Hong Kong Green Building Council) are
two major environmental building rating and certification schemes. They have been well
received by the construction industry in Hong Kong. In the past decade, the two voluntary
schemes have significantly facilitated green building development and fostered building
energy reduction in Hong Kong. The two schemes include a set of rating systems for
the design, construction, operation, and maintenance of buildings and neighbourhoods,
based on which, the building owners have their buildings/projects certified to obtain
eco-certification. Among the 42,000 existing buildings in Hong Kong, 1.5% (approximately
630 buildings) have accredited or registered to the BEAM plus certification system, and
0.34% (approximately 142.8 buildings) have accredited or registered to the LEED certifica-
tion system [4]. In recent years, two main concerns for the Hong Kong government—to
achieve energy reduction targets of 40% in the built environment by 2025—involved en-
abling existing buildings toward energy retrofitting, and obtaining certification under
energy-efficiency related schemes [5]. In 2019, BEAM Plus New Buildings (BEAM Plus NB)
and BEAM Plus Existing Buildings (BEAM Plus EB) were launched to foster a sustainable
built environment in Hong Kong.

It is easier to have an aged building eco-certified if it has undergone energy retrofitting.
However, in reality, the reasoning and decision-making processes for existing building
energy retrofitting and eco-certification can be complicated. For example, the barriers
to eco-certification of existing buildings would affect the decisions of building energy
retrofits, especially when the building owners’ decisions are motivated by the incentives
brought by the eco-certification scheme [6]. In this light, investigating the patterns of
eco-certification of existing buildings would help deepen the understanding of the barriers
toward building energy retrofits. In this study, an inductive approach is adopted to examine
the characteristics of the existing buildings that are eco-certified. The factors that hinder
implementing the building energy retrofits and the eco-certification are identified and
discussed from a transaction cost theory and an agency theory perspective. The findings
of this study will help policymakers understand the concerns and behaviours of building
owners regarding the process of eco-certification application, enable building owners and
operators to evaluate the costs occurred by the barriers, and make rational decisions to
overcome possible barriers in the future.

The paper is organised as follows: Section 2 provides a literature review on the
barriers to building energy retrofits and the eco-certification of existing buildings. Section 3
introduces the methodology of this study followed by a detailed presentation of the findings
in Section 4. Section 5 elaborates the discussion based on the findings and Section 6 presents
the conclusion of this study.

2. Context of the Research

In practice, local governments support eco-certification by launching various incen-
tives in both statutory and non-statutory forms (e.g., policy incentives, tax incentives,
funding assistance, etc.) [6]. Furthermore, eco-certification organisations also integrate
incentives into the design of the eco-certification schemes and their certification processes,
such as reducing the cost for volume certification, creating different application path-
ways, etc. The benefits of these incentives are attractive to developers and building owners
and, to a certain extent, serve as a huge motivation for them to apply for eco-certification
for new projects.

The barriers to green building development have been profoundly discussed in nu-
merous studies. Darko and Chan [7] provided a comprehensive review of the barriers
to green building adoption and identified 37 barriers in the literature. Arguably, these
barriers also hinder the eco-certification of new buildings. Perspectives derived from
the transaction cost theory (TC) [8,9] and cost–benefit analysis [10–12] have been used
to analyse the developers’ behaviour and the development process of green building de-
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velopment. Moreover, eco-certification of new dwellings may not be considered because
homebuyers may pay little attention to the eco-certification or energy labels in their home
purchase decisions [13,14].

Yet, the extant literature does not distinguish the barriers to green building develop-
ment and barriers, to obtain eco-certification for buildings. In other words, discussion on
the barriers to eco-certification of new buildings is usually mixed, regarding the barriers
to green building development. Even worse, there has been a dearth of literature on the
barriers to eco-certification and energy retrofits of existing buildings. The factors that
incentivise or dis-incentivise existing buildings’ eco-certification and energy retrofits could
be different from those associated with new buildings. Therefore, it is worthwhile to study
the factors that shape decision making for eco-certification and energy retrofits in our
existing building stock.

The focus of this study is to investigate the possible barriers to building energy retrofits
through examining the issues that affect the eco-certification of existing buildings based on
the database of eco-certification of existing buildings in Hong Kong. Thus, the target of
the investigation is the management of existing buildings, such as the decision on whether
to implement building energy retrofits and apply for eco-certification, the selection of the
certification pathway, etc.

2.1. Barriers to Building Energy Retrofits and Eco-Certification of Existing Building

Building energy retrofitting works generally involve “replacements, modifications,
and refurbishments of existing buildings to enhance the energy efficiency, conservation,
and savings” [15]; the minimization of energy consumption and the maximization of eco-
nomic benefits are the two prime objectives of retrofitting. Building control improvement
and building component implementation are two major energy-retrofitting strategies to
increase energy efficiency and reduce the energy demand of the building [16]. The process
of building energy retrofits involves multiple stakeholders from different professional
backgrounds and with different intentions towards the retrofitting decisions. Among
the involved stakeholders, building owners play an important role in building energy
retrofitting and eco-certification decision-makings. A number of barriers regarding the
stakeholders’ perceptions towards building energy retrofits, as well as their expected out-
comes, are identified in the literature. For example, building owners may have an aversion
to energy efficiency refurbishment measures because of the lack of interest in energy effi-
ciency issues, financial means, long-term perspectives, and trust towards contractors [17].
As far as municipalities are concerned, factors, such as unawareness about the energy
problem, difficulties with goal setting and data collection, and lack of expertise in the
municipalities to analyse the data and develop an effective plan, hinder government-led
energy retrofit projects [18].

Hong et al. [19] studied the commercial building energy retrofitting projects in China
and suggested that a lack of expertise and resources to identify and evaluate cost-effective
energy retrofit strategies are major barriers for owners when it comes to pursuing energy
retrofitting. Hou et al. [20] identified a number of issues that would decrease building
owners’ willingness to retrofit their buildings, including unclear stakeholder obligations,
difficulties in coordinating multiple parties, and complexity of retrofit implementation.
Aside from individual research projects by academic scholars, international associations
also put effort into identifying the barriers to building energy retrofitting. Building Perfor-
mance Institute Europe identified four barriers to building energy retrofits, categorizing
them into four categories: (1) financial; (2) institutional and administrative; (3) awareness,
advice, and skills; and (4) separation of expenditure and benefit [21]. Climate Policy Ini-
tiative also identified four barriers to building energy retrofits, namely: (1) embryonic
markets; (2) lack of information; (3) misaligned financial incentives; and (4) undervaluing
energy efficiency [22].

As a significant number of existing buildings are aging and facing an urgent need
to upgrade their operational, economic, and environmental performance worldwide, the
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pursuit of green certification for existing buildings has become an inevitable trend [23].
Aktas and Ozorhon [24] only focused on the green building certification process and
identified three major barriers to existing the eco-certification process of buildings in
developing countries—unavailability of approved materials, poor design of buildings, and
difficulties with the documentation process. One of the findings from their study was that
the building owners do not perceive the cost as a barrier to ‘green’ their existing buildings.
The possible reason is that the building owners (owners of commercial buildings) see the
certification as an opportunity to enhance their corporate image. Thus, they are more
flexible with the budget on green implementation of existing buildings.

2.2. Building Energy Retrofits and Eco-Certification in Hong Kong
2.2.1. Statutory Regulations and Policy Incentives for Building Energy Retrofits

In Hong Kong, the Building Energy Efficiency Ordinance (BEEO) (Cap. 610) was
formulated to enforce certain prescribed types of buildings to comply with building energy
codes (BECs) and/or the energy audit code (EAC). In addition, the Hong Kong Energy
Efficiency Registration Scheme for Buildings (HKEERSB) was introduced to recognise
buildings that outperform the statutory requirements under the BEEO. The HKEERSB was
officially launched in 1998 in order to promote the adoption of the BECs by providing the
certification to a building complying with one or more of the BECs [25].

In 2018, the Hong Kong government launched a tax incentive scheme to further
encourage building owners to pursue the application of HKEERSB: as long as the building
owners have their buildings certified by BEAM Plus (managed by the Hong Kong Green
Building Council) or other internationally recognised building environmental assessment
systems, such as LEED, they are eligible to apply for relevant tax deductions [26,27].
Building owners and building managers are familiar with the BEEO. The newly launched
tax incentives have drawn the attention of policymakers to the barriers of building energy
retrofits and the eco-certification process for existing buildings in Hong Kong.

2.2.2. Background of the BEAM Plus

Building Environmental Assessment Method (BEAM) Plus is the prevailing rating
tool for green buildings in Hong Kong. BEAM Plus, conceived in 1996 as a voluntary
private sector initiative, has developed into an internationally recognised green building
rating tools for new buildings (NB), existing buildings (EB), interiors (BI), for shops, office,
retails, and neighbourhood (ND) [28]. To achieve the target set out in the Energy Saving
Plan by 2025, the Hong Kong Green Building Council (HKGBC) issued the new version
of BEAM Plus Existing Building (BEAM Plus EB) V2.0 in 2016 [5,29]. It includes the new
assessment framework with two certification pathways: a comprehensive scheme and a
selective scheme. In order to have the building certified under the comprehensive scheme
of the BEAM Plus EB, the building performance shall be assessed under all seven aspects,
including management, energy use, indoor environment, water use, materials and waste
aspects, site aspects, and innovation and additions. The applicant can also choose to have
the building performance assessed under one or more specific aspects through the selective
scheme pathway. Based on the assessment scores by BEAM professionals, the buildings
are awarded certain ratings (e.g., platinum, gold, silver, and bronze) that reflect the actual
performance of the building. The four-level rating system applies to both a comprehensive
scheme and a selective scheme [29,30].

In order to promote and facilitate the certification of BEAM Plus EB, a volume cer-
tification mechanism was introduced to provide a faster and more economical manner
for certification application. The applicants can choose to have all buildings or multi-
ple buildings certified by a portfolio assessment mechanism in one go, at a lower cost,
through a volume certification approach. This study focuses on the buildings that are
certified under the BEAM Plus EB and analyses their background information, including
the application mechanism (comprehensive or selective scheme), the certification rating,
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the building ownership status, the building/estate development information, and the
geographical information.

2.3. A Transaction Cost (TC) and Agency Perspectives towards Building Energy Retrofits

Transaction cost (TC) theory has been widely used to analyse the externalities that
occur within a firm, in the interaction between a firm and the market, and the process of
public policies implementation [31–33]. Transaction costs impact economic performance
because high transaction costs can lead to failure of an institutional arrangement [34,35].
Prohibitively high transaction costs tend to inhibit collective actions [36,37]. “Transaction
cost” has been discussed and measured in numerous studies on public policies to pro-
mote green buildings [7,8,10,38]. It is the main idea of these works that certain types of
TCs would occur with different stakeholders in the process of development, certification,
and management of the green construction project, and these TCs would undermine the
policy’s effectiveness and implementation efficiency. It is commonly found that some
common barriers exist during the implementation of green building development-related
policies, such as information gathering [39,40], internal and external negotiation [39,41,42],
innovative technology acceptance, and adoption [43,44]. These studies conceptualised the
identified “barriers” with TCs and used TC theory to transform the vague phenomenon
into a tangible concept. Qian et al. [8] adopted the transaction cost theory with support
of the empirical data from expert interviews to examine the cost and benefits (both actual
and hidden ones) in the process of implementing the gross floor area (GFA) concession
incentive scheme in Hong Kong. With a similar approach, Fan et al. [9] used the transac-
tion cost theory to measure three dimensions of transaction costs involved in the scheme
implementation, namely asset specificity, uncertainty, and frequency. With the theoretical
base on transaction cost theory, Fan et al. [11] conducted a case study using empirical data
to support the hidden costs and benefits of the same scheme.

Agency theory is often used to explain and resolve disputes over priorities between
principals and their agents. The difference in agreement between the principals and agents
during the transaction process leads to agency problems. The agency problems generally
result from the conflicting goals of the principals and agents, intensified by the information
asymmetry [45,46]. The principal–agent dilemma may also stem from moral hazards and
adverse selections. A moral hazard occurs when an agent attempts to make a profit on a
contract because the principal is unable to observe the agent’s behaviour after entering into
the contract [47]. On the other hand, uncertainty concerning an agent’s characteristics and
preferences prior to creating a contract could lead to an adverse selection [48].

In the past decade, agency theory has been increasingly employed to analyse green
management strategies in organisations [49–51]. Yet, studies using agency theory in in-
vestigating energy efficiency are still rare. Kumbaroğlu and Madlener [52] attempted to
analyse building energy efficiency problems, focusing on investigating the benefits and
conflicts of interests between investors and users based on agency theory. Liang et al. [6]
adopted agency theory to explain the agency problems in energy-efficiency retrofits and
developed a principal–agent model to map out the problems of two sets of principal–agent
relationships: government vs. building owners and building owners vs. tenants. They
argued that “incentives” play an important role in the benefit–cost analysis in energy
retrofitting decisions. The model illustrates the economic relationships among the three
stakeholders (government, building owners, and tenants) under four scenarios. In building
energy retrofitting and the eco-certification process, property management companies play
the ‘agent’s’ role, implementing the tasks (building energy retrofitting and eco-certification)
for the building owners, who play the ‘delegator’ role, according to the principal–agent
relationship. Although both sides in the contractual relationship receive certain incen-
tives from the eco-certification schemes, their interests appear to be imbalanced under
certain circumstances. This study aims to identify the possible causes that hinder property
management companies from facilitating building owners to implement building energy
retrofits and gain eco-certification.
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3. Research Methodology and Data

An indicative approach was adopted for this empirical study. Secondary data about
eco-certification under BEAM Plus were first collected from various sources. The data were
then consolidated and analysed to see if there were any specific patterns regarding eco-
certifications of the existing building in Hong Kong. Possible explanations were then ten-
dered to explain the patterns. In the stage of data collection, a list of certified existing build-
ings was captured on 21 May 2021, from the HKGBC BEAM Pro Project Directory. (https:
//www.hkgbc.org.hk/eng/beam-plus/beam-plus-dir-stat/BEAMPlusDirectory.jsp, ac-
cessed on 21 May 2021) Only the valid and certified BEAM Pro existing buildings projects
available on the online project directory on the captioned date were selected for investiga-
tion. In total, the project directory contained 193 existing building projects and 201 valid
BEAM Pro existing building certifications. The number of building projects and certifica-
tions did not reconcile because a few building projects obtained more than one BEAM Plus
certification in BEAM Plus V2.0 (Selective Scheme).

Figure 1 outlines the data collated for desk study with their sources. We principally
examined three main categories of information, including (i) Hong Kong BEAM eco-
certification figures (certification scheme, project rating, certification year); (ii) background
information of each BEAM Plus certified building; and (iii) property governance matters
(e.g., ownership status and owner’s information). After the data collection, all relevant
data were compiled into a project-specific database for further processing. The skeleton
of this project-specific database was primarily connected to two local green building
databases—HKGBC’s BEAM Project Directory and BEAM Society Limited’s BEAM Plus
Certified Building Database. We also amassed other necessary project data, such as the
completion year and the property management company, in diverse sources. Trustworthy
databases managed by the government sectors, property consultant agencies, and the
local property management professional bodies were utilised. In addition, we reviewed
the websites and publications, such as annual reports and environmental, social, and
governance (ESG) reports of the property owners and management companies to ensure
information accuracy. All information had undergone further validation by cross-checking
to ensure data precision.

Figure 1. Research design, data retrieving, and analysis process.

To prevent ambiguity, the term “buildings” in the results section refers to “building
projects” (the building or a group of buildings) with respect to BEAM Plus certification records.
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4. Results

This section will present the analytical results of the eco-certification existing buildings
in Hong Kong.

4.1. By Certification Schemes and Ratings

Table 1 shows that only 41 buildings in Hong Kong are completely certified with six
sustainable building areas. (This figure aggregates 40 building projects that achieved BEAM
Plus comprehensive certification and an NGO headquarter, which gradually achieved all
six performance aspects through BEAM Existing Buildings Version 2.0 Selective Scheme.)
Approximately 20% of the certifications were recognised through the comprehensive
scheme, while more than 80% of BEAM EB certifications were awarded in the selective
scheme. Most BEAM-certified existing buildings were rated in the management aspect
only. This kind of certification contributed to nearly 90% of the certifications in selective
schemes and 71% of all types of certifications (including comprehensive scheme and
selective schemes). Although energy use and site aspects were the second and third most
prevalent aspects rated in the selective schemes, they respectively contributed to 6.2% and
2.5% of selective certifications across six sustainability fields. Excluding an outlier project
where the headquarters of a non-governmental organization (NGO) was certified in all
six aspects of the selective scheme, i.e., equivalent to a comprehensive certification, no
selective certification was recognised in the area of material and waste aspects or indoor
environmental quality. The proliferation of management certifications also skewed the
overall distribution of the green EB certification rating, as shown in Table 2.

Table 1. Breakdowns of certifications by schemes (N = 201).

Certification Scheme No. and Percentage Aspect No. and Percentage

BEAM EB Version 1.1 and Version 1.2 10 (5.0%) - -
BEAM EB Version 2.0

(Comprehensive Scheme) 30 (14.9%) - -

BEAM EB Version 2.0 (Selective Scheme) 161 (80.1%) 1

Management 143 (88.8%) 2

Site 4 (2.5%)
Materials and Waste 1 (0.6%)

Energy Use 10 (6.2%)
Water Use 2 (0.6%)

Indoor Environmental Quality 1 (0.6%)
1 ()—the percentage of participated scheme in respect of all BEAM Plus certifications. 2 ()—the percentage of participated aspect in respect
of BEAM EB Version 2.0 Selective Scheme.

Table 2. Breakdowns of certifications by pathways and ratings (N = 201).

Rating No. via Individual Certification No. via Volume Certification Overall

Final platinum/excellent 57 (85.1%) 10 (7.5%) 67 (33.3%)
Final gold/very good 4 (6.0%) 0 (0%) 4 (2.0%)

Final silver/good 3 (4.5%) 124 (92.5%) 127 (63.2%)
Final bronze/satisfactory 3 (4.5%) 0 (0%) 3 (1.5%)

Total 67 (100%) 134 (100%) 201 (100%)

In general, over 97% of BEAM existing buildings were awarded a silver/good rating or
higher. For the volume certification of the property portfolio submitted by the two major de-
velopers (Sun Hung Kai Properties and Link REITs), and their subsidiary property manage-
ment companies, more than 60% of the certifications are classified into “Final Silver/Good”.
A small proportion of applications (1.5%) are assigned to a satisfactory classification.

On the other hand, the final ratings of the projects through the two certification
pathways are different. There is a significant relationship between the final rating and
certification pathway (χ2 = 149.54; p < 0.01). If solely considering the final rating by in-
dividual certification, it is revealed that around 85% of the certifications are given with
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the highest rating (final platinum or excellent). It implies that applicants applying local
green building schemes through individual certification may focus on the sustainability
dimension qualities (maximum credits achieved). Yet, why do the individually certified
have higher ratings? Do project types and building uses also affect BEAM certification
methods? Moreover, as it is hypothesised that buildings with single ownership pay fewer
transaction costs for green building retrofitting, what are the implications of different own-
ership statuses on BEAM EB certifications? We analyse property management governance
of BEAM-certified buildings by their ownership status, building uses, and owner types.

4.2. By Building Ownership Status, Project Types, and Sectors

The previous section showed that the majority of BEAM-certified existing buildings
were assessed only based on the aspect of sustainable building management. It is equally
important to examine the ownership status, building type, and sector in unpacking the
potential barriers of sustainable building retrofits in Hong Kong. Generally speaking,
developers, property owners, and property management companies are imperative in
regard to building governance and sustainable building retrofit. Collective actions are
necessary for co-owners to initiate building energy retrofits. From the transaction costs and
agency perspectives, it is expected that existing buildings in multiple ownerships are less
likely to be eco-certified. This is because high transaction costs are usually incurred in the
negotiations and coordination among co-owners of multi-owned properties when it comes
to initiating certification or improving common areas of buildings. Besides, co-owners in
multi-owned properties often need to rely on property management companies in eco-
certification or energy retrofit projects. The companies may not act in the best interests of
the co-owners.

Table 3 breaks down the certifications by ownership status, project types (or building
uses), and owner types. Regarding ownership status, it is found that nearly 72.5% of
certified existing buildings in Hong Kong are owned by a single owner (hereafter: single-
owned), while the rest (27.5%) are owned by multi-owners (hereafter: multi-owned).
Regarding the certification pathways—a difference in terms of ownership status can be
seen. The ownership status ratio (i.e., number of certified single-owned buildings to that of
certified multi-owned buildings) surged to about nine to one (90% single-owned versus 10%
multi-owned) if cases where volume certification was excluded. (Contrasting ownership
status outcomes are observed if we separate the samples concerning certification pathways.
Regarding ownership status per application type, around 35% of projects via portfolio
certifications are multiple-owned (whereas 63.6% are single-owned correspondingly). By
contrast, about 11.7% of projects via individual certifications are multiple-owned (and 88.3%
of projects are single-owned).) This implies that more single-owned buildings applied the
BEAM certification via individual application than via volume application.

By project type, nearly 70% of BEAM-certified existing buildings are commercial prop-
erties, while 15% are residential buildings. Industrial buildings, government/institution or
community (GIC) buildings, and buildings of other types only account for approximately
8%, 6%, and 2% of the whole sample, respectively. All 15 industrial buildings were certified
through volume certification through the selective scheme (“Management” aspect) by a
major developer. The figures in Table 3 indicate that the BEAM-certified existing buildings
in Hong Kong are predominantly single-owned commercial use. As far as the owner type
is concerned, more than 92.7% of the eco-certified projects belong to the private sector,
whereas the public organizations or NGOs own less than 10%. There is a significant re-
lationship between the project type and sector (owner type) (χ2 = 168.42; p < 0.01). The
reason behind such findings is straightforward. The GIC projects predominately belong to
the public sector while nearly all commercial, residential, and industrial projects are from
the private sector.
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Table 3. Cross-table showing the breakdowns of certified projects by project types, ownership status, and owner types
(N = 193).

Project Type/Ownership Status
No. of Projects Percentage of Projects

Public NGO Private Overall Public NGO Private Overall

Commercial
Total 0 0 133.5 4 133.5 0% 0% 100% 100%
SO 1 0 0 119 119 0% 0% 100% 89.1%
MO 2 0 0 14.5 14.5 0% 0% 100% 10.9%

Residential
Total 1 1 27.5 29.5 3.4% 3.4% 93.2% 100%
SO 1 1 1 3 33.3% 33.3% 33.3% 10.2%
MO 0 0 26.5 26.5 0% 0% 100% 89.8%

Industrial
Total 0 0 15 15 0% 0% 100% 100%
SO 0 0 3 3 0% 0% 100% 20.0%
MO 0 0 12 12 0% 0% 100% 80.0%

Government/Institution
or Community (GIC)

Total 10 2 0 12 83.3% 16.7% 0% 100%
SO 10 2 0 12 83.3% 16.7% 0% 100%
MO 0 0 0 0 0% 0% 0% 0%

Other Types 3
Total 0 0 3 3 0% 0% 100% 100%
SO 0 0 3 3 0% 0% 100% 100%
MO 0 0 0 0 0% 0% 0% 0%

All
Total 11 3 179 193 5.7% 1.6% 92.7% 100%
SO 11 3 126 140 7.9% 2.1% 90.0% 72.5%
MO 0 0 53 53 0% 0% 100% 27.5%

1 SO: single ownership; 2 MO: multiple ownership; 3 others included freight forwarding centres, data centres, and technology parks. 4 Some
projects count as half (0.5) for a particular property use. For example, a mixed-use project (residential-cum-commercial project) counts as
0.5 for “commercial” and 0.5 for “residential”.

Moreover, a significant relationship is found between the sector (owner type) and
certification pathway (χ2 = 34.28; p < 0.01). Moreover, projects certified via volume cer-
tification have an average score significantly higher than those certified individually
(t-statistics = 15.08; p < 0.01). That means volume certification generally results in less
superior eco-labels. Table 4 enumerates the BEAM-certified projects by the project’s key
owners or property developers. Sun Hung Kai Properties has the greatest number of
BEAM-certified existing buildings projects (75 projects in total or 38.8%), followed by Link
REIT (50 projects or 25.9%), Swire Properties (13 projects or 6.7%), as well as Nan Fung
Group (12 projects or 6.2%). However, 96% of Sun Hung Kai Properties projects were
granted through the volume certification pathway under the selective scheme (“manage-
ment” aspect). Similarly, all projects managed by Link REIT and Nan Fung Group were
certified via volume certification under the selective scheme (“management” aspect). For
Swire Property, HKSAR Government and Hongkong Land, have the most BEAM-certified
existing buildings through the individual certification pathway citywide. For the Swire
Property and Hongkong Land, all their certified projects are single-owned Grade A com-
mercial buildings with the highest performance grading (Final Platinum). The records
of these buildings were traced against the HK-BEAM system (HK-BEAM certification is
the oldest version of BEAM tool). It reveals that all of them were previously certified in
either/both HK-BEAM new or/and existing buildings, and nine of them were HK-BEAM-
accredited new buildings with the highest rating (Platinum) (certified between 1996 and
2005). In other words, these BEAM-credited existing buildings are either pre-existing
green buildings certified by HK-BEAM certification before, or buildings that were man-
aged in a sustainable manner in previous years. Single ownership and engagement of a
subsidiary property management agent facilitate the sustainable building retrofitting and
eco-certification process.
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Table 4. Breakdowns of certified projects by developers or property owners (N = 193).

Property Owner/Developer
(Parent Organization) 1

HKGBC
Patronship

No. of BEAM-Certified Existing Buildings
Average Rating

Score 2via Individual
Certification

via Volume
Certification

All

Public Sector 11 0 11 1.46
HKSAR Government - 8 0 8 1.38

University of Hong Kong Marble 1 0 1 1.00
Vocational Training Council - 2 0 2 2.00

NGO 3 0 3 1.67
Business Environment Council - 1 0 1 1.00
Hong Kong Housing Society - 1 0 1 3.00

Tung Wah Group of Hospitals - 1 0 1 1.00
Private Sector 45 134 179 2.43

CK Asset Holding - 1 0 1 1.00
Ever Gain Plaza Management - 1 0 1 2.00

Gammon Construction Marble 1 0 1 1.00
Great Eagle Holdings Silver 1 0 1 1.00

Hang Lung Group Gold 4 0 4 1.25
Henderson Gold 1 0 1 1.00

HKEX - 1 0 1 1.00
Hongkong Land Gold 6 0 6 1.00

Hysan Development Gold 2 0 2 1.00
Link REIT Gold 0 50 50 1.67
Mapletree - 1 0 1 3.00

MTR Corporation - 1 0 1 1.00
Nan Fung Group Gold 0 12 12 2.00

New World Development Platinum 3 0 3 3.00
Pacific Century Premium

Developments - 1 0 1 1.00

Paramatta Estate Management - 1 0 1 1.00
Shui On Group - 1 0 1 4.00

Sino Gold 3 0 3 2.00
Sun Hung Kai Properties Gold 4 3 72 3 75 2.64

Swire Platinum 13 0 13 1.00
Total 60 3 134 3 193 –

Average Rating Score 2.86 1.25 2.36 –
1 Regarding Joint Venture Project or ownership status with complicated situations, this table regards the major developers as (1) the
company who carried out BEAM certification as main developers if equally shared; (2) the one with the largest ownership share. 2 This refers
to the arithmetic mean of BEAM Plus ratings of all projects in the portfolio of a particular organization, with 1 = final platinum/excellent;
2 = final gold/very good; 3 = final silver/good; and 4 = final bronze/satisfactory. 3 The energy use certification of Sun Hung Kai Centre
was obtained through the individual application while the management certification was through volume application. We count this
project in both certification pathways.

We should note that that many applications for certifications were lodged by the
property management agents rather than the property owners. Furthermore, there are
vigilant affiliations between the owners/developers of the certified buildings and the
property management agents managing the buildings. Among the BEAM-certified existing
buildings owned by the private sector, 99% (178 out of 179) of the BEAM-certified buildings
are developed and managed by companies that belong to the same groups. In many cases
of multi-owned private buildings, the property management companies concerned are
subsidiaries of the developers. For single-owned buildings, the building owners often
dedicate the property management tasks to their own specialised in-house property teams
or subsidiary property management companies. Table 5 enlists the building owners (or
developers) and property management companies that have close relationships.
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Table 5. Reciprocal relationships between developers and property management companies.

Property Owners/Developers
(Parent Company)

Property Management Company (PMC)
No. of Projects under the

Same Group

CK Asset Holding Limited Goodwell Property Management Ltd. 1
Gammon Construction Gammon Construction Ltd. 1
Great Eagle Holdings Keysen Property Management Services Ltd. 1
Hang Lung Group Hang Lung Properties Ltd. 4
Henderson Henderson Sunlight Property Management Ltd. 1
HKEX Hong Kong Exchanges and Clearing Ltd. 1
Hongkong Land Hongkong Land Group Ltd. 6
Hysan Development Hysan Property Management Ltd. 2

Link REIT
1. Link Asset Management Ltd.
2. Link Property Management Services Ltd. 50

Mapletree Mapletree North Asia Property Management Ltd. 1
MTR Corporation MTR Corporation Ltd. 1

Nan Fung Group

1. Hon Hing Enterprises Ltd.
2. Main Shine Development Ltd.
3. Mount Nicholson Property Management Ltd.
4. Nan Fung Property Management

12

New Charm Management Ltd.
New World Development Urban Property Management Ltd. 3
Pacific Century Premium Developments Island South Property Management Ltd. 1
Paramatta Estate Management Paramatta Estate Management Ltd. 1
Shui On Group Shui On Centre Property Management Ltd. 1
Sino Group Sino Estates Management Ltd. 3

Sun Hung Kai Properties

1. Hong Yip Service Co. Ltd.
2. Kai Shing Management Services Ltd.
3. Royal Elite Service Company Ltd.
4. S.H.K. Real Estate Management Co. Ltd.
5. Sun Hung Kai (Harbour Centre) Ltd.
6. Supreme Management Services Ltd.

75

Swire Swire Properties Management Ltd. 13
Total 178

4.3. By the Building/Estate Development Scale

The development scales of certified projects of residential buildings can be measured
with two indicators: (i) the number of residential units; and (ii) the gross floor areas (GFAs)
of the projects assessed by BEAM professionals. Two classification methods with equal
intervals and Jenk’s natural breaks were adopted to estimate the number of residential
units, and the estimation was undertaken using the geospatial thematic classification with
the aid of the software QGIS 3.

Table 6 shows the breakdowns of BEAM-certified projects for residential uses by the
number of residential uses using two different intervals. For the 29 BEAM-certified existing
buildings for residential uses, a total of 25,096 residential units were identified, comprising
about 0.85% of the total housing stock in Hong Kong (the total number of residential
units in Hong Kong as at 2020 was about 2,924,000 [43].) However, most of the residential
buildings were certified under the selective scheme with regard to the management aspect,
and their certification applications were driven by the property management companies.
Among the 29 samples, one project, a senior staff quarters tower for a government-funded
university (renovated in 2016), was assessed under the comprehensive scheme, while 4 (out
of 29) residential projects were certified via the individual certification pathway.

By Jenk’s natural break classification, over one-third of the BEAM-certified projects had
less than 265 residential units. Three projects were low-rise luxury terrace-type residences,
and another seven were single/twin high-rise towers. Furthermore, one large-scale estate
(City One Shatin) was certified via individual certification under the selective scheme
(“Management” aspect). In this project, the management company only selected 3 out
of 52 blocks in the estate (536 out of 10,642 units or 5.3%) for BEAM Plus certification
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application. The possible reason behind this might relate to the collective decision-making
issue, which is that the agreement among residents was difficult to seek. This situation
may affect the decision-making of green building retrofitting in the estate. This helps
explain why no multi-owned large-scale housing estates are awarded or registered for
BEAM eco-certification by their individual applications. This phenomenon will be further
discussed in Section 5.

Table 6. Number of residential units of BEAM-certified projects for residential uses (N = 29).

Equal Interval Natural Break (Jenks)

No. of
Residential Units

No. (%) of BEAM EB
Residential Projects

No. of
Residential Units

No. (%) of BEAM EB
Residential Projects

10–916 20 (69.0%) 10–264 11 (37.9%)
917–1823 5 (17.2%) 265–723 9 (31.0%)
1824–2729 2 (6.9%) 724–1159 4 (13.8%)
2730–3636 0 (0%) 1160–2771 3 (10.3%)
3637–4542 2 (6.9%) 2772–4542 2 (6.9%)

Overall 29 (100%) Overall 29 (100%)

Unlike their residential counterparts, many non-residential projects often have an
open-plan design. It is thus impracticable to compare project scales solely based on the
unit numbers. Yet, it is still envisaged that an existing building with a larger GFA is likely
to have more owners or tenants than the one with a smaller GFA. Therefore, the number
of the owners or tenants involved in a project can be roughly estimated by the assessed
GFAs. As indicated in Table 7, about one-third of the 155 BEAM-certified projects are
small-scale developments. Five projects are classified as developments with an exceptional
or mega-large scale.

Table 7. Assessed GFAs of BEAM-certified projects (N = 155) 1.

Project Scale 2
Corresponding

Construction Floor
Area (sq. m.) 2

No. (%) of
BEAM Plus
EB Projects

No. (%) of Projects
Achieving BEAM “Energy

Use” Performance 3

Extra small (ES) ≤2499 2 (1.3%) 2 (1.3%)
Small (S) 2500–24,999 49 (31.6%) 10 (6.4%)

Medium (M) 25,000–49,999 37 (23.9%) 8 (5.2%)
Large (L) 50,000–99,999 40 (25.8%) 15 (9.7%)

Extra large (EL) 100,000–199,999 22 (14.2%) 7 (4.5%)
Mega large (MG) 200,000–400,000 4 (2.6%) 2 (1.3%)
Exceptional Scale >400,000 1 (0.6%) 0 (0%)

Overall 155 (100%) 44 (28.4%)
1 The information of assessed GFAs of the certified projects in the database of the BEAM Society Ltd. was last
updated in early 2020. By then, the information of assessed GFAs was available for 155 out of 193 certified
projects only. 2 The categorization of the project scale follows the scale adopted in the determination of the BEAM
Plus application fee. Due to limited available clarification on the BEAM’s assessed GFA, we assume that the
construction floor area (CFA) equals the assessed GFA. 3 Projects achieving “energy use” performance refer to
those projects certified under the comprehensive scheme or selective scheme (“energy use” aspect).

4.4. By Regions and Districts

Table 8 presents the breakdowns of certified projects by building uses and regions.
Figure 2 shows the geographical distribution of BEAM-certified projects by building uses (in
dots of different colours) and the proportions of projects certified via individual certification
pathways in each district. Figure 2 indicates a high concentration of the certified projects
in and around Hong Kong’s central business district (CBD). This can be explained by the
findings in Section 4.2, which is that most of the certified projects are commercial projects.
BEAM-certified single-owned Grade A office buildings are clustered in the CBD areas
where Central, Admiralty, Wan Chai, and Tsim Sha Tsui districts are located. On the other
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hand, from Figure 2, we can also find certified projects in different districts. This can
be explained by the practices of volume certification adopted by the large developers or
landlords whose green properties in their portfolios scatter citywide.

Table 8. Breakdowns of BEAM-certified projects by building uses and regions.

Region
% of Projects via Individual Certification (N = 60) % of Projects (All Pathways) (N = 193)

C R I GIC OU All C R I GIC OU All

Hong Kong
Island 73.2% 40.0% 0% 8.3% 0% 55.0% 30.5% 40.7% 14.3% 8.3% 0% 29.0%

Kowloon 19.5% 40.0% 0% 58.3% 0% 28.3% 30.5% 30.5% 50.0% 58.3% 0% 33.2%
New Territories 7.3% 20.0% 0% 33.3% 100% 16.7% 39.0% 28.8% 35.7% 33.3% 100% 37.8%

Overall 100% 100% 0% 100% 100% 100% 100% 100% 100% 100% 100% 100%

Notes: C = commercial; R = residential; I = industrial; GIC = government, institution, or community; O = other uses.

Figure 2. Map showing the project distribution in Hong Kong. Notes: (1) the blue circle indicates the proximate location
of Hong Kong’s CBD [53]. (2) Boundaries of districts in the figure follow the delineation adopted in 2016 Population
By-census [54]. (3) The map was produced using QGIS 3.

4.5. By Completion Years and Building Ages upon Certification

Figure 3 presents two charts, illustrating the completion years of BEAM-certified
existing buildings and the information of building ages when the current certifications
were obtained. Overall, the building ages of existing buildings when eco-certified are rather
diverse though the certification pathway, exerting no significant impact on the building
age group distribution (t-statistic = 0.62; p > 0.1). Moreover, 75% of the certifications
were granted to the buildings between 11 and 40 years of age. A significant difference
between commercial and residential projects can be identified by comparing the building
age groups of the two sets of projects (t-statistic = 3.88; p < 0.01). That is, eco-certified
residential buildings tend to be “younger” than their commercial counterparts. Moreover,
73% of BEAM EB certifications were issued to residential projects under 20 years old.
Particularly, 44% of certified residential buildings were completed less than 10 years before
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certification. On the contrary, only 11% of commercial buildings were less than 10 years
when awarded the BEAM certification. Over half (53.2%) of the eco-certified existing
buildings were commercial buildings between 21 and 40 years of age. Existing buildings
built before 1970 were the HK-BEAM-certified existing Grade-A office with longstanding
sustainable building maintenance (as discussed in Section 4.2) or renovated in the 2010s.
To conclude, comparing the BEAM-certified residential buildings, more “old” commercial
buildings are certified under BEAM Plus existing buildings. Thus, building age may be a
potential barrier to sustainable building retrofits of residential buildings in Hong Kong.
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Figure 3. (a) Project by completion year; (b) building age when certified by project types.

Generally speaking, more architectural and structural constraints may be encountered
in the retrofitting projects of the “older” buildings. Higher costs are usually incurred in
the building energy retrofits of the old buildings. Furthermore, sufficient evidence shows
that the governance of old buildings (such as the old Chinese tenements) is notoriously
complicated, particularly when these buildings are so-called the “three-nil buildings”
(i.e., buildings not managed by any owners’ corporation, residential organization, or
external property management agent) [55]. This phenomenon well echoes the findings
from the data analysis by completion years and building ages upon certification.
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5. Discussion

Drawing on the findings above, disparities have been found in the eco-certification of
the existing buildings in Hong Kong. In this section, these disparities will be discussed
from various perspectives, particularly the transaction cost theory and agency theory.

5.1. Certification of Multi-Owned Properties Impeded by Institutional Settings

For buildings in multiple ownership, the decision to apply for eco-certification or
to undergo building energy retrofits necessitates collective actions among the co-owners.
Co-ownership is often regarded as a barrier to the implementation of building energy
retrofits [56,57]. The difficulty to initiate eco-certification and retrofits increases with the
number of co-owners involved. This echoes the classic Olsonian view that collective ac-
tions are less likely to succeed when the group size increases [36]. From a neo-institutional
economics perspective, the transaction costs incurred during the negotiation and coor-
dination could be prohibitively high when a large group of co-owners is involved. The
transaction costs for initiating eco-certification applications and/or retrofit projects are
lower for single-owned projects, which explains why over 70% of the certified EB projects
are held in single ownership.

Besides, most BEAM-certified residential projects are of smaller scales. This also goes
along with the transaction cost perspective above. The larger is the project scale, the more
will be the interested parties (i.e., co-owners) involved. Higher transaction costs will then
impede collective actions to partake in eco-certification. Although there are a few large-
scale projects in multiple ownership certified under BEAM Plus, these certifications were
initiated by the property management companies rather than the co-owners themselves.
The agent-led applications for eco-certification can be explained by lower transaction
costs incurred in the coordination and lobbying processes. Most other cases of multi-
owned residential properties of smaller scales were certified under the selective scheme
(“management” aspect) only. The applications were made through volume certifications
by the property management companies who managed large portfolios of residential
properties throughout the territory. This understanding that greening existing multi-
owned properties is more challenging than single-owned properties echoes many previous
west studies [58].

The government intends to regard larger housing developments as more resourceful so
less subsidization is provided to the large-scale housing developments to initiate building
improvement projects. However, the findings of the current research may suggest that in
the light of high transaction costs, which impede collective actions, more subsidization
should be institutionalised to incentivise co-owners of large-scale housing developments
to participate in building eco-certification and retrofit projects.

5.2. Agency Problems of Eco-Certification

As discussed above, property management companies may initiate the eco-certification
exercises themselves. They can obtain different “selective benefits” by choosing to partici-
pate in the eco-certification. First, the BEAM certificates can showcase their CSR initiatives
for fulfilling the ESG requirements. Second, the BEAM certifications obtained by the prop-
erty management companies in selected projects can serve as marketing tools for promoting
the companies. Third, large property management companies have many projects in their
management portfolios so they can enjoy discounts in application fees through volume
certification. Fourth, as shown in Table 4, some property management companies and/or
their parent groups are patron members of the HKGBC who administrates the BEAM Plus
scheme. Their participation in the eco-certification exercise can demonstrate their genuine
supports to the council and the scheme.

On the other hand, private sector projects tend to get less superior BEAM certifica-
tions than the projects owned by the public sector or NGOs. The private sector projects
have an average score significantly higher than their non-private sector counterparts
(t-statistics = 5.36; p < 0.01). Besides, most of the private sector projects are eco-certified
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under the selective scheme (“management” aspect) only. These findings may indicate that
property management agents are not so willing to pay efforts in achieving real energy
savings. It is because their managers’ remunerations (or profit margins) are set as a certain
percentage (usually 10–15%) of the total operating expenses of the building (including
utility charges for the common areas and facilities) [59]. In Hong Kong, electricity charge
comprises a very large proportion of the expenditure in daily building management [60].
There is a strong incentive for the property management agents to keep the electricity
charges high in order to maximise their managers’ remunerations. Agency problems exist
between the property management agents and their clients (i.e., building owners). In the
lack of check and control mechanisms, the agents strive to maximise their own profits at
their clients’ expenses [61,62]. The agency cost of multi-owned property management is
higher when more ‘decision power’ is dedicated to a property management agent [63]. The
high agency cost, intertwined with the high transaction costs of co-owner-led certification,
impedes the eco-certification of existing multi-owned buildings or developments.

Moreover, the findings of the current study may suggest that the major developers
or sizeable landlords in Hong Kong are more active in eco-certification of their existing
properties because of the lower agency costs incurred in the decision-making and execution
of eco-certification. In many BEAM-certified EB projects, the property management agents
and the developers, landlords, or building owners have close relationships (or they are in
the same groups). The parties share compatible or aligned goals, so the agency costs of
eco-certification or energy retrofit are comparatively lower.

One of the means to solve the agency problems is to alter the remuneration mechanism
for property management agents. Instead of using a cost-plus-margin approach, a fixed
amount of service fee for remunerating a property management agent can reduce its
disincentive to initiate building energy retrofits. The agent can be further incentivised
to retrofit with a bonus contingent on savings in energy consumption or other aspects of
environmental performance improvement.

5.3. Greater Drives for Certification of Privately Owned Commercial Properties

Apart from the transaction cost theory and agency theory, we attempt to draw insights
in the decision making for eco-certification of existing buildings from other perspectives.
In Table 3, one can see that approximately 70% of the certified existing building projects
are commercial properties. Residential properties account for only 15% of the certified
projects. Apparently, incentives for going green are more significant for commercial
properties compared with other building uses. There are several reasons behind the
unevenness across building uses. First, many commercial properties, such as offices and
retail properties in Hong Kong are for leasing. It has been widely documented that green
credentials help landlords attract tenants, particularly institutional tenants, to rent their
properties [64,65]. Large companies, especially U.S.-based ones, are very committed to
lease eco-certified properties [66,67]. Moreover, rental premiums brought about by the
building eco-certifications are quite evident in the commercial property sector [68–70].
Moreover, landlords of single-owned commercial properties may be rewarded as they take
the certification as CSR evidence. These drives seem to outweigh the disincentives created
by the oft-mentioned dilemma of split incentives for landlords to have their properties
go green [71–73].

5.4. More Eco-Certifications with Building Energy Retrofits in the Non-Private Sector

The project type (or building use) is highly related to the sector and ownership type.
For instance, GIC buildings, in most circumstances, are single-owned by the government
departments (public sector) or NGOs. The non-private organizations tend to have their
existing building projects accredited under the comprehensive scheme or selective schemes
for various aspects rather than merely “Management” aspects. The non-private sector is
more willing to undertake energy retrofits to their buildings, going beyond simply taking
sustainable building management practices. Apart from the agency perspective discussed
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above, the pattern can be explained by the motive of the public sector and NGOs. The
non-private organizations would like their BEAM-certified projects to be “demonstration
projects” to showcase the applications of new technologies and construction practices, to
achieve sustainable building. It is important for the diffusion of such technologies and
practices to the whole building sector in Hong Kong.

For the public-owned BEAM-certified buildings, they share at least one of the follow-
ing features: (i) the building serves as a departmental headquarters; (ii) the building is
geographically located in Kowloon East under the environmentally sustainable second
CBD agenda (Energizing Kowloon East), and (iii) the building has been recently allocated
public funding for refurbishment or infrastructure upgrading. The public sector projects
can undergo building energy retrofits with sufficient financial resources being granted.
Payback is not a necessary consideration for these public sector projects. Therefore, fewer
barriers are expected in public sector projects than in private sector buildings.

Of three EB projects owned and managed by NGOs, two are headquarters buildings,
one is for a business sustainability organization, and one is for a charity group. Specifically,
the two buildings are single-owned and perform as role models for other organizations to
follow in retrofitting their existing premises. The remaining one belongs to the Hong Kong
Housing Society, a local public housing agency established in a non-governmental institu-
tional setting. It is an old public rental housing estate renovated with the incorporation
of green roofs, the use of environmentally friendly and energy-saving materials, and the
introduction of an environmental and energy management system.

On the other hand, private enterprises may just target the signalling effects of the
BEAM certification or take the certifications as evidence for ESG reporting. They are
inclined to pick the most cost-effective options to fulfil the ESG requirements. Therefore,
we can see many private enterprises applied for BEAM certification under the selective
scheme for the “management” aspect only because this route necessitates minimal financial
inputs. Besides, a high proportion of private enterprises opt for certification through the
volume certification pathway, which offers discounts in application fees. To further promote
energy retrofits among existing buildings in the city, the Hong Kong government should
offer more incentives to the building owners. Apart from the current policy that capital
expenditure on the installation of environmentally friendly machinery and equipment can
be tax-deductible—the government may consider subsidizing building owners to apply for
eco-certification under the comprehensive scheme. The rationale is that existing buildings
usually need to be retrofitted first to get eco-certified under the comprehensive scheme.

6. Conclusions

The research findings demonstrate the imbalance in the popularity of eco-certification
among different types of existing buildings in Hong Kong. They offer insights into the
areas in which the promotion of retrofits is needed. Furthermore, this study opens up a
new avenue for broadening the research area of eco-certification of existing buildings. The
current research unveils that there are fewer eco-certified existing buildings in multiple
ownership and with larger scales. Such finding echoes the transaction cost economics
and the classic Olsonian view of collective actions. Besides, agency problems are found
to occur in the eco-certification of existing buildings. Property management agents tend
to obtain less superior classes of eco-label or certification. This phenomenon reflects that
the property management agents are reluctant to initiate energy retrofit projects with
the existing buildings because real energy savings are in contradiction with their profit
maximization initiatives. Based on the empirical findings, there is a need to rethink
the subsidization strategy and redesign the incentive structures for third-party property
management services in order to stimulate more existing buildings to be eco-certified.

While we discussed the principal–agent relationship between building owners and
property management agents in the current article, agency problems in building energy
retrofits also exist between the government and building owners [6]. How these agency
problems shape the landscape of eco-certification remains unanswered. Furthermore, there
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could be some cases where the building owners may want to retrofit their properties but not
pursue third-party certification of the projects [74]. There is a possible gap between energy
retrofits and eco-certification, particularly for non-investor or non-corporate building
owners. Thus, further investigations targeting these issues are warranted.
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Abstract: Key performance indicators (KPIs) are quintessentially useful for performance evaluation,
but a set of pragmatic KPIs for holistic evaluation of retrofits for commercial buildings is hitherto
unavailable. This study was conducted to address this issue. Built upon the findings of a systematic
literature review and a focus group meeting in the earlier stages of the study, a questionnaire survey
covering 19 KPIs for environmental (embracing energy), economic, health and safety, and users’
perspective evaluations of building retrofits was developed. Data of the survey, collected from facility
management (FM) practitioners in Hong Kong, underwent a series of statistical analyses, including
Kruskal–Wallis H test, Mann–Whitney U test, and Spearman Rank Correlation. The analysis results
revealed the levels of importance of KPIs perceived by different groups of FM practitioners and the
rankings of KPIs. Based upon these results, eight KPIs were shortlisted, which are energy savings,
payback period, investment cost, actual-to-target ratio of the number of statutory orders removed,
actual-to-target ratio of the number of accidents reduced, target indoor air temperature, target
indoor air quality (IAQ) class, and target workplane illuminance. These KPIs serve as keystones for
further development of an analytic evaluation scheme for commercial building retrofit performance
assessment. The methodology of this study can also serve as a reference for similar KPI studies in
other research domains.

Keywords: facility management; KPI; refurbishment; renovation; retrofit; survey

1. Introduction

Buildings account for 39% of all carbon emissions in the world [1]. In Hong Kong—
a city famous for its dense population and buildings—the volume of aged buildings is
large and keeps increasing. As retrofitting those existing buildings is a sustainability
goal that the international society endeavours to meet, the building industry and the
government of Hong Kong have introduced various incentives that motivate building
owners or operators to implement retrofits for the premises they own or manage. However,
the retrofit rate of existing buildings remains low [2]. The building sector in the city is
facing challenges to retrofitting the existing buildings, especially the aged buildings. One of
the key challenges is the estimation of the benefits brought by the building retrofits, which
relies on scientific evaluation mechanisms to evaluate the building retrofit performance
against the economic input [3,4]. In the evaluation process, human decisions or judgements
from owners, operators, occupants, etc. are critical elements.

Facility management (FM) practitioners are building professionals who are involved
in multiple disciplines of practice to ensure the functionality, comfort, safety, and efficiency
of facilities in the built environment. Their knowledge and work experience are gained
through intensive interactions with the operations of the existing buildings they manage.
Thus, their opinions on the change in the buildings’ conditions and the best option for
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building upgrades should be valid and reliable. Although a profusion of studies has been
undertaken to help building owners and operators make decisions on building retrofits,
there is still limited research on establishing a set of key performance indicators (KPIs) for
the development of an analytic method to evaluate the holistic performance of commercial
building retrofits [5]. To address this research gap, this multi-stage study was initiated. In
the initial stages, a systematic literature review was conducted to identify indicators that
are applicable to performance evaluation for building retrofits, followed by a focus group
meeting with FM experts, from which the experts’ perceived importance of the indicators
were solicited, and the practicability of the indicators in real-world commercial buildings
was discussed [6]. The outcome of those preceding stages, i.e., selection of 19 essential
KPIs among the 52 applicable performance indicators identified from the literature, was
adopted to design a questionnaire survey. Distributed to FM practitioners in Hong Kong,
the survey intended to solicit opinions from a large sample of industry professionals on
their perceived importance of the 19 KPIs. This paper, reporting on the works undertaken
for this survey, is structured as follows: Sections 2 and 3 show the literature review and the
data collection method; Sections 4 and 5 present the statistical analyses and results of the
analysed findings; Section 6 discusses the implications of this study; Section 7 concludes
the paper.

2. Building Retrofit

2.1. Definitions, Scope, and Challenges

Building retrofit, a form of technical intrusion in the systems or structure of a building
after its initial construction and occupation [7], can improve the building’s performance
to optimise energy utilisation and enhance users’ occupation experience. In recent years,
building retrofit is increasingly referred to as green retrofitting or sustainable retrofitting,
which emphasises the environmental benefits of retrofitting work in the built environment.
The US Green Building Council (USGBC) defines green retrofitting as ‘ . . . any upgrade
of an existing facility to improve energy and environmental performance, decrease usage
of water and enhance existing comfort and quality of interior spaces—All achieved in a
manner that provides financial incentives to the investor’ [8]. Common building retrofit
projects include energy efficiency retrofits (e.g., upgrading of the building envelope) [9],
lighting retrofits [9,10], ventilation system retrofits [10], water efficiency retrofits [11],
renewable energy installations [9,10], green roof establishment [12], building automation
and control system [13], and space utilisation and reconfiguration.

In general, building retrofit has been facing numerous challenges, including but not
limited to, optimisation or fulfilment of priorities of stakeholders, time period, capital
investment, cost effectiveness, risk analysis, technology availability, government policies,
and building energy performance prediction [7]. From a process management perspective,
these challenges are influenced by each other in an interactive manner and some of them
incur extra costs, which can become liabilities to the building owners or its occupants.
In order to support building retrofit decisions, various evaluation methodologies have
been developed to provide an estimation of the associated energy consumption and cost,
thereby facilitating the building retrofit process design [14]. The manifestation of such
challenges varies with the project or building specificities, such as building types (e.g.,
public building, residential building, and office building), building design (including both
system and structural design), building material, and building technologies [15,16].

2.2. Performance Measurement

In the past decade, a considerable number of studies have been conducted in eval-
uating the performance of building retrofits. Decision making is a prevailing stream of
studies in the field of building retrofits. Economic viability is an indicator frequently used
for building retrofit performance measurement. Net present value (NPV), internal rate of
return (IRR), overall rate of return (ORR), benefit–cost ratio (BCR), discounted payback
period (DPP), and simple payback period (SPP) are often used to assess the economic
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feasibility of a single retrofit measure [15,17–20]. Surveys on users’ satisfaction or feedback
from stakeholders in the post-occupancy phase were also used to measure building retrofit
performances [21,22].

On top of that, the KPI approach is regarded to be one of the most popular and
valuable tools for measuring the process or outcome of construction projects. KPIs are
a collection of indicators that can comprehensively reflect a project’s goals. They help
to define the nature, scope, expected quality, and unique characteristics of the projects
and can also provide means for measuring the ‘progress towards those goals for further
learning and improvement’ [23]. Energy performance and energy saving are two common
KPIs for measuring the financial and environmental benefits of building retrofits [24–28].
As sustainability is one of the key project goals, an increasing volume of studies in the
literature have examined KPIs for measuring the level of sustainability in construction
and building renovation/retrofit projects. Kylili et al. [23] provided a state-of-the-art
review on the KPIs identified for measuring the sustainability of the projects in the built
environment, in which they categorised the building performance KPIs into eight groups—
namely, economic, environmental, social, technical, time, quality, disputes, and project
administration. Al Dakheel et al. [29] conducted a review on features of smart buildings
(SBs) and identified 10 KPIs for SBs. The KPIs they identified help to quantify the ‘smart
features’ of SBs and reflect the ‘smart capability’ of the building. The validity of KPIs
affects the overall measurement results; thus, the selection process of KPIs should engage
scientific methodologies to ensure their representativeness of the measurement goals [30].
Industry experts’ involvement is regarded as one of the reliable approaches for identifying
representative and valid KPIs. This approach usually entails three steps: (1) interviews
with experts to define the measurement goals and identify KPIs that fit those goals; (2) a
survey to collect a wider scale of data from various groups of experts; (3) statistical analyses
to confirm and verify the identified KPIs from the previous steps. Xu et al. [31] followed
these three steps to identify KPIs for the sustainability of building energy efficiency retrofit
(BEER) in hotel buildings in China. Lai et al. [32] used the same approach to investigate
KPIs for measuring the performance of hospital facilities management. This study, likewise,
adopted this approach to identify and verify KPIs for the evaluation of commercial building
retrofits.

2.3. The Role of FM Practitioners

A building retrofit project usually comprises five major phases: project set up and
pre-retrofit survey, performance assessment, identification of retrofit options, site implemen-
tation and commission, and validation and verification [15]. Completion of a retrofitting
project requires a team of building experts to assess the existing building conditions, design
the retrofitting strategies, monitor the retrofitting process, and review the project out-
come [33]. In this process, FM practitioners deal with daily building management activities
at the operational level and are involved in developing cost-effective plans to support
built asset management at the strategic level. For example, FM managers are engaged in a
company’s corporate social responsibility strategy development through evaluating the
facility performance of the property portfolio. They are responsible for providing advice
to top management on green certification decisions and participate in obtaining green
certification. Building retrofit is an inevitable activity that leads to green certification for
existing buildings.

Responsible for managing both buildings and the relevant stakeholders (e.g., own-
ers, occupants, tenants), FM practitioners have to communicate with retrofitting decision
makers and facility users, modify facilities, upgrade systems for energy use, and develop
mechanisms for measuring energy consumption, monitoring energy use process, and as-
sessing energy performance [34,35]. Thus, FM practitioners play critical roles in supporting
decision making on building retrofits, and their opinions on KPIs for building retrofit
performance are useful.
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3. Data Collection

In the preliminary stages of this study, 52 performance indicators for building retrofit
performance assessment were identified through the Preferred Reporting Items for System-
atic Reviews and Meta-Analyses (PRISMA) process and these indicators were grouped into
four categories (‘economic’, ‘environmental’, ‘health and safety’, and ‘users’ perspective’)
with their detailed meanings provided [6]. With these indicators identified and in order
to establish a method that can evaluate the holistic performance of commercial building
retrofits, a focus group study was then conducted. Grounded upon the deliberations and
opinions of the focus group study, 19 KPIs were selected as useful for building retrofit
performance assessment (Table 1). Since using 19 KPIs entails a considerable effort to collect
the associated empirical FM data, and the process for calculating this large number of KPIs
is time consuming [36–38], a questionnaire survey was designed to shortlist indicators that
are useful for reflecting the performance of commercial building retrofits.

Table 1. Performance indicators selected from the preliminary stages of the study.

No. Indicator Aspect (No. of Indicators)

1 Energy savings (%)

Environmental (5)

2 Normalised energy savings (kWh/m2 year)

3 Electricity consumption saving per year
(kWh/year)

4 Energy payback period (year)

5 Target green building label

6 Payback period (year)

Economic (7)

7 Return on investment (%)

8 Internal rate of return (%)

9 Investment cost (USD)

10 Normalised investment cost (USD/m2)

11 Life cycle cost (USD)

12 Increase of building value (%)

13 Ratio of actual to target no. of statutory orders
removed (%)

Health and Safety (2)14 Ratio of actual to target no. of accidents per year
reduced (%)

15 Target indoor air temperature (◦C)

Users’ perspective (5)

16 Δ Indoor carbon dioxide levels or harmful
substances (ppm)

17 Target IAQ class (good/excellent level)

18 Target workplane illuminance (lux)

19 Target equivalent continuous weighted sound
pressure level (dBA)

The questionnaire consists of three parts. Part 1 collects respondents’ personal infor-
mation, including gender, years of work experience, job level, nature of their organisation,
type of employer, and their academic qualification. These pieces of information served to
reflect the backgrounds of the respondents, allowing inter-group comparisons to be made
when analysing the survey findings. Part 2 solicits the importance ratings of the 19 KPIs
on a five-point scale (1: very low; 2: low; 3: moderate; 4: high; and 5: very high). Part
3 asks the participants to suggest any other KPIs they consider important and any other
comments they have based on their experience.
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Pilot tests, with the participation of five FM experts, were conducted on the question-
naire. These tests helped to detect and eliminate any potential error or misunderstanding
of the questions in the survey. Feedbacks from the tests were taken to finalise the ques-
tionnaire before its official distribution. The industry-wide online survey was officially
launched in two ways: snowballing and mass email. Using a snowballing approach, FM
professionals who participated in the preceding focus group study [6] and pilot tests were
invited to complete the survey and also distribute it to their colleagues. As regards the
second approach, mass email, a hyperlink to the survey was emailed to the members of the
Building Services Operation and Maintenance Executives Society (BSOMES)—the leading
professional body in Hong Kong specialised in technical FM works embracing building
retrofits. In order to increase the level of representativeness of the samples, FM practition-
ers with different organisational natures (government, non-governmental organisation
(NGO), and private company) and types (e.g., owner/developer, management company,
and contractor) working at different levels (strategic (e.g., director, chief engineer), tactical
(e.g., manager, engineer)) were invited to participate in the survey. The demographic
details of the survey respondents are shown in Table 2.

Table 2. Demographic details of respondents.

Characteristic Subgroup Number Percentage

Gender
Male 104 83.9%

Female 20 16.1%

Work experience

≤5 years 22 17.9%

>5 to <20 years 21 17.1%

20 to <30 years 39 31.7%

≥30 years 42 33.9%

Nature of
organisation

Government 11 8.9%

NGO 23 18.6%

Private company 90 72.6%

Type of employer

Owner/developer 43 34.7%

Management company 44 35.5%

Contractor 18 14.5%

Others 19 15.3%

Job level
Strategic 38 30.7%

Tactical 86 69.4%

Academic
qualification

Associate de-
gree/diploma/certificate 7 5.6%

Bachelor degree 32 25.8%

Master degree 81 65.3%

Doctorate degree 2 1.6%

Others 2 1.6%

A total of 164 responses to the survey were received. To ensure data quality, the
responses were screened manually, and those with incomplete information provided were
discarded. This resulted in having 124 responses qualified for the subsequent data analysis.
Among these responses, 83.9% were from males. The majority of the respondents were
highly experienced; most were employed by private companies. The proportions of those
working for owners/developers and management companies were comparable, while
those working for contractors amounted to 14.5%. When comparing the strategic and
tactical groups, the latter prevails. More than three-quarters of the participants have
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worked on office buildings; nearly half have worked on retail premises. The respondents
were well educated, with most of them possessing a degree at the bachelor level or above.

4. Statistical Analysis

The data collected were analysed using the SPSS version 26.0 software. To investigate
any differences between different groups of the responses, the respondents were stratified
into six groups. Each of these groups was further categorised into subgroups (‘n’ denotes
the number of samples), as shown below:

• G1: Gender: male (G1a; n = 104) and female (G1b; n = 20);
• G2: FM/operation and maintenance (O&M) work experience: ≤5 years (G2a; n = 22),

5 years to <20 years (G2b; n = 21), 20 to <30 years (G2c; n = 39), and ≥30 years (G2d;
n = 42);

• G3: Nature of organisation that the respondents worked for: government (G3a; n = 11),
public (G3b; n = 23) and private (G3c; n = 90);

• G4: Type of employer: owners/developers (G4a; n = 43), management companies
(G4b; n = 44), contractors (G4c; n = 18) and others (G4d; n = 19);

• G5: Job level: strategic (G5a; n = 38) and tactical (G5b; n = 86);
• G6: Academic qualification: subdegree (associate degrees/diplomas/certificates),

bachelor (G6a; n = 41), and postgraduate (master degrees or doctorate degrees) (G6b;
n = 83).

First, group analyses were conducted using Kruskal–Wallis H test (H) and Mann–
Whitney U test (U) to analyse whether the respondents perceived the importance levels of
the KPIs differently. H test, a non-parametric test that compares more than two independent
or unrelated samples [39], was applied to make comparisons between groups G2, G3, and
G4. For each of the comparisons, a null hypothesis (Ho) and an alternative hypothesis (Ha)
were set (Ho: there is no tendency for ranks of groups of response to rank systematically
higher or lower than those of the others; Ha: there is a tendency for ranks of groups of
response to rank systematically higher or lower for at least one of the groups). For testing
these hypotheses, the Kruskal–Wallis H-test statistic was determined by Equation (1).

H =
12

N(N + 1)

k

∑
i=1

R2
i

ni
− 3(N + 1) (1)

where N is the number of values from all combined samples, Ri is the sum of the ranks
from a particular sample, and ni is the number of values from the corresponding rank
sum. The α value for the H test was set as 0.05. As H test does not identify where and
the degree of the differences occurred, the U test, as a type of post hoc test, was used to
analyse any significant differences between the sample pairs. Following the Bonferroni
procedure which helps to compensate type I error, the adjusted α, αB, was used in the
U test to determine any significant difference between samples if H test was found to be
significant (e.g., for G2, k = 4) [39]. The adjusted α from the Bonferroni procedure was
shown in Equation (2).

αB =
α

k
(2)

where αB is the adjusted level of risk, α is the original level of risk, and k is the number of
comparisons.

For the U test, it is a non-parametric test that can be used to compare two unrelated
or independent samples [39]. Therefore, it is suitable for use in inter-group comparisons
between G1a and G1b, G5a and G5b, and G6a and G6b. The α value for the U test was set
as 0.05. For each of the comparisons, a null hypothesis (Ho) and an alternative hypothesis
(Ha) were set (Ho: the mean ranks of the groups are the same; Ha: the rank of one group
of responses is systematically higher (or lower) than the other). Accordingly, the Mann–
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Whitney U-test statistic for each of the two samples was determined by Equation (3), and
the smaller of the two U statistics was obtained.

Ui = n1n2 +
ni(ni + 1)

2
− ∑ Ri (3)

where Ui is the test statistic for the sample of interest, ni is the number of values from
the sample of interest, n1 is the number of values from the first sample, n2 is the number
of values from the second sample, and ΣRi is the sum of the ranks from the sample of
interest. The mean and z-score for the Mann–Whitney U test for large samples were found
by Equations (4) and (5).

xU =
n1n2

2
(4)

z =
Ui − xU

SU
(5)

where xU is the mean, SU is the standard deviation, and z is the z-score for a normal
approximation of the data.

Second, Spearman’s rank correlation was applied to examine any significant differ-
ence in the KPIs rankings between pairs of the respondent subgroups. Spearman’s rank
correlation coefficient (rs) was calculated by Equation (6) [34]:

rs = 1 − 6 ∑ Di
2

n(n2 − 1)
(6)

where n is the number of observations, and Di is the difference between ranks obtained
from each pair of responses. For the value of rs, ‘+1’ represents perfect agreement between
the rankings; ‘0’ represents no association between the rankings; ‘−1’ represents perfect
disagreement between the rankings.

Finally, a mean score was calculated for each of the rated KPIs, based on which the
overall ranking of the KPIs was determined to facilitate shortlisting the most essential KPIs.

5. Results

5.1. Perceived Importance Levels of KPIs

Referring to the results of the H and U tests shown in Figures 1–12 (see Appendix A), six
significant observations are worth noting. First, significant difference (U = 701, p < 0.05)
was found between male (mean rank = 59.24) and female (mean rank = 79.45) for KPI-11
(life cycle cost (USD)). It means that the female and male FM practitioners had different
perceptions of the importance of life cycle cost for evaluating building retrofit performance.
This finding echoes the argument of Rodríguez et al. [40] regarding managerial style: men
and women have different managerial styles.

Second, significant difference (H = 10.538, p < 0.05) was found between respondents
with different FM/O&M work experience for KPI-2 (normalised energy savings (kWh/m2

year)). The results show that (U = 249, p < 0.0125) respondents with less work experience
(≤5 years; mean rank = 39.18) considered KPI-2 as more important than the experienced
practitioners (experience between 20 to 30 years, mean rank = 26.38) did, and similar find-
ings were found between freshmen (≤5 years; mean rank = 41.59) and veterans (≥30 years;
mean rank = 27.74) in ranking KPI-2 (U = 262, p < 0.0125). This may be because the experi-
enced practitioners were aware that after years of building occupation with energy retrofits
already undertaken, the room for further energy saving is limited. Yet, no major disagree-
ment was found between the various respondent groups (with different work experiences)
on KPI-1 ‘energy savings (%)’. According to Miller and Higgins [41], ‘percentage better
and percentage saved’ was mostly referenced in environmental performance evaluation
studies [41].
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Third, a significant difference (H = 8.726, p < 0.05) was found between freshmen
and non-freshman (>5 years) for KPI-13 (ratio of actual to target no. of statutory orders
removed (%)). The results (U = 125.5, p < 0.0125) show that respondents with more work
experience (mean rank = 27.02) considered KPI-13 as more important than the freshmen
(mean rank = 17.20). The possible reason could be the freshmen may have relatively less
work experience and may not have come across any retrofit projects with the requirement
in statutory orders removal. Therefore, the freshmen were less concerned about this KPI.

The other three significant differences were found between respondents at the tactical
level and strategic level for KPI-17 (target IAQ class; U = 1234, p < 0.05); KPI-18 (target
workplane illuminance (lux); U = 1159, p < 0.05); KPI 19 (target indoor equivalent continu-
ous weighted sound pressure level (dBA); U = 1239, p < 0.05). Respondents at the tactical
level perceived the three KPIs (mean rank of KPI-17 = 67.15; mean rank of KPI-18 = 68.02;
and mean rank of KPI-19 = 67.09) as more important than those at the strategic level did
(mean rank of KPI-17 = 51.97; mean rank of KPI-18 = 50.00; mean rank of KPI-19 = 52.11).
The reason could be that FM practitioners at the tactical level have to handle and resolve
complaints from users about IAQ, workplane illuminance, noise, etc. before such problems
escalate to the strategic level. Hence, FM practitioners at the tactical level, when compared
with the strategic counterpart, are more concerned about the KPIs in the users’ perspective
aspect.

5.2. Correlation between Rankings of KPIs

Table 3 displays the values of the Spearman rank correlation coefficients between
groups, while the detailed ranking results for different respondent groups are illustrated in
Appendix A (Tables 1–3). In general, no significant disagreement was found between the
rankings of the KPIs pertinent to the various groups. A significant positive correlation (at
the 0.01 level) existed in the rankings between some of the respondent groups, including
female vs. male; experience (>5 to <20 years) vs. experience (20 to 30 years); experience
(>5 to <20 years) vs. experience (>30 years); owner/developer vs. management company;
and sub-degree or undergraduate degree vs. postgraduate degree. Significant positive
correlations (at the 0.05 level) existed in the rankings between some of the respondent
groups, including experience (20 to 30 years) vs. experience (>30 years); owner/developer
vs. others; management company vs. contractors; contractors vs. others; strategic level vs.
tactical level.

Table 3. Spearman rank correlations between groups.

Group Subgroups in Comparison rs p-Value

G1: Gender Male Female 0.591 ** 0.008

G2: Work
experience

(≤5 years)

(>5 to <20 years) 0.396 0.093

(20 to 30 years) 0.350 0.142

(>30 years) 0.120 0.624

(>5 to <20 years) (20 to 30 years) 0.661 ** 0.002

(>30 years) 0.536 ** 0.018

(20 to 30 years) (>30 years) 0.505 * 0.027

G3: Nature of
organisation

Government
NGO 0.190 0.435

Private 0.112 0.647

NGO Private 0.406 0.085
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Table 3. Cont.

Group Subgroups in Comparison rs p-Value

G4: Type of
employer

Owner/developer

Management
company 0.859 ** 0.000

Contractor 0.380 0.108

Others 0.470 * 0.042

Management company Contractor 0.470 * 0.042

Others 0.370 0.119

Contractor Others 0.516 * 0.024

G5: Job level Strategic level Tactical level 0.475 * 0.040

G6: Academic
qualification

Subdegree
orundergraduate degree Postgraduate degree 0.654 ** 0.002

** correlation is significant at the 0.01 level (two-tailed); * correlation is significant at the 0.05 level (two-tailed).

5.3. Importance Levels and Ranks of KPIs

Based on all the valid responses, a mean rating was calculated for each of the KPIs,
and the calculation results in Table 4 show that the ratings ranged from 3.14 to 3.76.

Table 4. Mean importance ratings and ranks of KPIs.

KPI Mean Rank Shortlisted

1 Energy savings (%) 3.76 1 Yes

2 Normalised energy savings (kWh/m2 year) 3.46 =12 Yes

3 Electricity consumption saving per year
(kWh/year) 3.56 =3 Yes

4 Energy payback period (year) 3.44 =15 -

5 Target green building label 3.14 19 -

6 Payback period (year) 3.47 =10 Yes

7 Return on investment (%) 3.36 16 -

8 Internal rate of return (%) 3.15 18 -

9 Investment cost (USD) 3.75 2 Yes

10 Normalised investment cost (USD/m2) 3.48 =8 Yes

11 Life cycle cost (USD) 3.48 =8 Yes

12 Increase of building value (%) 3.44 =15 -

13 Ratio of actual to target no. of statutory orders
removed (%) 3.46 =12 Yes

14 Ratio of actual to target no. of accidents per year
reduced (%) 3.45 13 Yes

15 Target indoor air temperature (◦C) 3.50 6 Yes

16 Δ Indoor carbon dioxide levels or harmful
substances (ppm) 3.56 =3 Yes

17 Target IAQ class 3.51 5 Yes

18 Target workplane illuminance (lux) 3.47 =10 Yes

19 Target equivalent continuous weighted sound
pressure level (dBA) 3.27 17 -
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To shortlist the most important KPIs for pragmatic use in building retrofit performance
evaluation, 3.45 was taken as the cut-off mean rating. This rating, being the mean between
3.14 and 3.76, represents a moderate-to-high importance level. Thus, a total of 13 KPIs,
covering all the four performance aspects, were shortlisted (Table 5).

Table 5. Scenarios of cutoff ratings.

Rating No. of KPIs Included Aspects Covered

≥3.00 (Moderate importance) 19 4

≥3.40 15 4

≥3.45 (Moderate-to-high importance) 13 4

≥3.50 6 3

≥4 (High importance) 0 0

5.4. Finalised KPIs

The extraction of the most representative KPIs was based on two criteria: the rank of
the KPI and the grouping category. Among the 13 KPIs, KPI-1, KPI-2, and KPI-3 can be
used to indicate the energy-saving performance of a retrofit project. Among these three
KPIs, KPI-1 was ranked the highest by the respondents, meaning that the practitioners
regarded this KPI to be the most important, while KPI-2 and KPI-3 were only ranked the
12th and the 3rd, respectively. Therefore, KPI-1, which can cover the representations of
KPI-2 or KPI-3, was taken for use.

KPI-9, KPI-10, and KPI-11 were related to the cost evaluation of a retrofit project.
Thus, they can be grouped under one category. As KPI-9 was ranked the highest among
the KPIs in this category, the other two KPIs were removed from the list. Additionally,
when compared with KPI-9, KPI-11 (life cycle cost) is less feasible in practice because
cost elements such as operating and maintenance costs, in the long run, could hardly be
accurately determined at the time when a retrofit project is implemented [42].

KPI-16 and KPI-17 were related to IAQ. Despite their similar rankings (KPI-16: rank = 3
and KPI-17: rank = 5), KPI-17 (target IAQ class) covers 12 parameters for IAQ assessment
and hence is more representative than a single parameter (Δ Indoor carbon dioxide levels
or harmful substances (ppm) covered by KPI-16. The 12 parameters (with 10 chemical
parameters) for IAQ assessment are carbon dioxide (CO2) and other pollutants—namely,
carbon monoxide (CO), respirable suspended particulates (PM10), nitrogen dioxide (NO2),
formaldehyde (HCHO), total volatile organic compounds (TVOC), mould, radon, and air-
borne bacteria. The certification of IAQ class (Good Class or Excellent Class), administered
by the Environmental Protection Department of the Hong Kong government [43], is also
authoritative.

For KPI-15, it was only covered in the assessment of IAQ class for building projects
completed before 2019. Thus, it was an independent indicator. Participants ranked KPI-16
(Δ indoor carbon dioxide levels or harmful substances (ppm): rank = 3) over KPI-15 (target
indoor air temperature (◦C): rank: 6). The reason for this may be that occupants can
adjust themselves (e.g., putting on or off their clothes) to suit the indoor thermal comfort
condition, while they can hardly notice the concentration of the carbon dioxide or harmful
substances, not to mention removing such substances. Participants may, therefore, perceive
KPI-16 as more important than KPI-15 for building retrofits.

The rest of the original KPIs, i.e., KPI-6, KPI-13, KPI-14, KPI-15, and KPI-18, are
independent indicators without overlaps. Thus, they were retained on the KPIs list. The
original 13 KPIs and the final eight KPIs are shown in Table 6.
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Table 6. Original and final KPIs.

Original (13 KPIs) Final (8 KPIs)

KPI-1: Energy savings (%)

KPI-1 *: Energy savings (%)
KPI-2: Normalised energy savings

(kWh/m2 year)

KPI-3: Electricity consumption saving per year
(kWh/year)

KPI-6: Payback period (year) KPI-2 *: Payback period (year)

KPI-9: Investment cost (USD)
KPI-3 *: Investment cost (USD)KPI-10: Normalised investment cost (USD/m2)

KPI-11: Life cycle cost (USD)

KPI-13: Ratio of actual to target no. of statutory
orders removed (%)

KPI-4 *: Ratio of actual to target no. of
statutory orders removed (%)

KPI-14: Ratio of actual to target no. of
accidents per year reduced (%)

KPI-5 *: Ratio of actual to target no. of
accidents per year reduced (%)

KPI-15: Target indoor air temperature (◦C) KPI-6 *: Target indoor air temperature (◦C)

KPI-16: Δ Indoor carbon dioxide levels or
harmful substances (ppm) KPI-7 *: Target IAQ class
KPI-17: Target IAQ class

KPI-18: Target workplane illuminance (lux) KPI-8 *: Target workplane illuminance (lux)
Note: * indicates the finalised numbering system.

After the foregoing activities (literature review, focus group, and survey), the short-
listed KPIs, belonging to four different aspects (environmental, economic, health and safety,
and users’ perspective), were determined. Correspondingly, a hierarchy for the evaluation
of building retrofit performance is depicted in Figure 1.

Figure 1. Building retrofit performance hierarchy.
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6. Discussion

Part 3 of the survey, containing an open-ended question, asked the participants to
provide any comments in relation to the survey topic. From the responses collected, two
types of barriers to building retrofits were identified: (1) high evaluation cost and difficulty
of obtaining precise cost estimation; (2) different natures of retrofit projects.

6.1. High Evaluation Cost and Difficulty of Obtaining Precise Cost Estimation

The core information to support building retrofit performance assessment is related to
safety and proper working of the built assets, health and comfort, space functionality, and
energy. Such information is usually gathered by FM managers who arrange maintenance
works or technical inspections, or by users who report complaints and fill in satisfaction
questionnaires. The main purpose of this is to help improve performance during the
operational phase of a building [44]. However, systematic collection of all necessary data to
support building retrofit performance evaluation is costly, as one of the survey respondents
stated:

‘ . . . initial cost (for evaluating the building retrofit performance) can be high . . . ’
Although data acquisition can be simple using modern and powerful computerised

systems [45,46], data overload can be a problem when a sophisticated data mining algo-
rithm is needed to obtain useful information [47]. Thus, whether collecting the data for
performance evaluation is worthwhile is a common decision to make for FM managers [45].
If all the applicable KPIs identified from the literature are used to evaluate the performance
of building retrofits, considerable effort and resources will be needed to obtain and process
the data [37]. Kumar et al. [45] also considered that having many indicators was impractical,
and indicators should be simple to allow performance benchmarking [45].

Moreover, it is difficult to accurately predict the energy consumption of commercial
buildings. A survey respondent who worked for a private management company stated:

‘It (building retrofit) cannot give the precise percentage as the change of the weather
might cause the energy consumption to increase significantly. For the energy-saving aspect,
we do keep at 2% per year depending on electricity side only.’

As submeters are not commonly installed to monitor the energy consumption of
different parts of building services systems [6]. The additional cost of installing submeters,
for example for a centralised chiller plant being retrofitted, is usually high given the need
to modify the relevant part of the existing system [48]. Therefore, measuring the actual
energy saving with respect to the retrofitted portion of the centralised system could be
difficult.

6.2. Different Natures of Retrofit Projects

It is common to upgrade the existing equipment at the end of the equipment life
or when it comes to failure. Traditional retrofits practice focuses on replacing particular
equipment such as chillers and lighting, instead of maximising overall building perfor-
mance [49]. Additionally, the initial physical condition of the substituting equipment is
often emphasised. This is consistent with the following opinion collected from the survey:

‘Many retrofit projects initiation was based on the order of equipment or system end
of life, no spare part support, change of use/demand, justifiable energy saving whereas
functional or environmental enhancement are usually in the lowest priority.’

The following statements from the survey respondents further indicated that the
applicability of the KPIs in performance evaluation may vary with the nature and scope of
the retrofit projects.

‘The . . . answers (for KPIs) were generic, in fact, the scores should be depending on
the nature of the retrofit project.’

‘Some KPIs may not be commonly used or considered by management, and some may
not be applicable when designing the retrofit project, while some may be irrelevant to the
reason for carrying out retrofit.’
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‘Special attention should be taken in case of the retrofit project carrying out phase by
phase as the newly added and the existing system may be connected and worked together
at the same time. Final commissioning of the whole system is necessary at the final stage of
the project.’

From the managerial perspective, building performance depends on the resources
(e.g., financial, technological, and labour) that are available and the quality of service that
should be achieved [50]. In any case, facilities must be assessed with an organisation’s goal
and mission in place, and the assessment result should inform how well the facilities help
the organisation meet its goal and fulfil the mission [51,52].

7. Conclusions

In this study, an industry-wide online survey was conducted to solicit the opinions
of FM professionals on the KPIs that are applicable to commercial building retrofit per-
formance evaluation. The results showed that the professionals were generally positive
about the importance of the 19 KPIs (with mean ratings being 3 (moderate) or above on a
five-point Likert scale). The survey data were analysed through conducting U and H tests,
as well as Spearman’s rank correlation; the analysed results revealed the variations in the
importance of the KPIs perceived by the different groups of professionals.

To enable an effective performance evaluation of building retrofits, the 19 KPIs were
further shortlisted. Aside from rating the importance levels of the KPIs, the survey respon-
dents were also invited to provide any other comments about KPIs for building retrofit
performance evaluation. Built upon such comments (qualitative) and the KPIs’ importance
levels (quantitative), a final list of eight KPIs was determined. These KPIs are able to
critically reflect the performance of building retrofits in the environmental (energy) aspect
and also three other aspects (economic, health and safety, and users’ perspective).

Overall, this study contributes to the identification of pragmatic KPIs for commercial
building retrofit performance evaluation and serves as a keystone for further development
of an analytic evaluation scheme for the assessment of building retrofit performance. Using
these KPIs, case studies can be further conducted to examine their applicability in assessing
retrofit performance for commercial buildings. To this end, the assessment weighting of
each of the KPIs needs to be determined, for example, by an analytic hierarchy process or
an analytical network process [53,54], for which the data required can be solicited through
interviews with experts working on building retrofits. Furthermore, the methodology of
this study can serve as a reference for similar KPI studies in other research domains.
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Abstract: Due to the high energy consumption of buildings, there is a demand for both economically
and environmentally effective designs for building energy system retrofits. While multi-objective
optimization can be used to solve complicated problems, its use is not yet widespread in the industry.
This study first aims to develop an efficient and applicable multi-objective building energy system
optimization method, used to dimension energy production and storage retrofit components in a
case campus building in Lahti, Finland. Energy consumption data of the building are obtained
with a dynamic energy model. The optimization model includes economic and environmental
objectives, and the approach is found to function satisfactorily. Second, this study aims to assess
the feasibility and issues of multi-objective single-building energy system optimization via the
analysis of the case optimization results. The results suggest that economically beneficial local energy
production and storage retrofits could not always lead to life cycle CO2-eq emission reductions.
The recognized causes are high life cycle emissions from the retrofit components and low Nordic
grid energy emissions. The performed sensitivity and feasibility analyses show that correctness and
methodological comparability of the used emission factors and future assumptions are crucial for
reliable optimization results.

Keywords: building energy system optimization; renewable energy retrofit; life cycle emission

1. Introduction

Buildings and their construction consume over one-third of the total global energy
consumption and cause almost 40% of the global carbon dioxide (CO2) emissions [1],
and 36% of the CO2 emissions in the European Union (EU). The EU Energy Performance
of Buildings Directive (EPBD) already requires new buildings to be nearly zero-energy
buildings (NZEB); however, the EU building stock is also rather old and slowly renovated.
Therefore, retrofits and modernizations to existing properties offer large energy perfor-
mance and sustainability potential [2]. Thus, there is a need for reliable methods to identify
the best-performing retrofit and modernization targets.

In a typical Finnish design, on-site renewable energy production, especially photo-
voltaic (PV) generation, is dimensioned to maximize self-utilization of the produced energy
in the building, and therefore, to minimize the excess production, usually exported to
the grid [3]. To increase peak renewable energy production, exported energy needs to be
increased, demand flexibility needs to be implemented, or storage technologies need to
be utilized. If energy storage is added to the system, dimensioning becomes complicated
because of component interdependency. The system state is defined not only by current
energy flows but also by past energy flows that manifest in storage state-of-charge. There-
fore, energy systems containing storage components cannot be easily dimensioned with
traditional methods, and the design must often be assisted with simulation.

Dynamic building energy simulation software, such as IDA ICE [4], EnergyPlus [5],
and TRNSYS [6], couple the indoor zone conditions and energy system state at each
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timestep. Dynamic models can include the entire building with its HVAC systems and on-
site energy sources, including solar and geothermal. The software can be used for various
purposes, such as dimensioning the energy system components, assessing indoor climate
conditions, or verifying certifications. However, once the problem becomes truly dynamic
and interdependent with storage systems, fully dynamic approaches are computationally
intensive. One approach is to draft multiple scenarios with different component sizes,
and run the full dynamic simulation for each case [7]. The optimal case may be chosen
based on the results. However, this brute force approach requires a lot of manual work and
computational resources and might, therefore, not be feasible in some applications.

This problem can be solved through separating the optimization from the dynamic
model. Several multi-stage energy system optimization approaches for buildings have been
recently studied, utilizing dynamic energy modeling tools such as EnergyPlus [8–11] or IDA
ICE [12] to obtain the demand data. Optimization is then performed with separate tools,
such as MATLAB, either with or without linking it to the dynamic simulation software.
Studied and tested algorithms include linear programming (LP) [13–15], mixed-integer
linear programming (MILP) [8,16,17], genetic algorithm (GA) [9,10,12,18], and particle
swarm optimization (PSO) [11,19].

Energy system optimization approaches have not yet become widespread in practical
system design processes. Challenges of utilizing energy optimization in these workflows
have been analyzed via specialist interviews [20] and literature reviews [21]. The interview
study [20] found various issues, such as variation of methods, high required expertise,
validity concerns, required computation and time resources, lacking or poor-quality input
data, and lack of production-ready tools. Nguyen et al. [21] state problems such as missing
interfaces between simulation and optimization software, difficulty of adequate trade-offs
between accuracy and simplicity, and lack of policies enforcing the use of optimization.
Moreover, integration of life cycle emission considerations to building design processes
is problematic due to inconsistent values and methods. Identified issues include non-
comparable reporting standards, operational vs. embodied emissions, and region-specific
and inadequate calculation tools [22].

Due to the old EU building stock and the need to improve its energy performance,
energy retrofits and their optimization has been studied broadly. Ibañez Iralde et al. [23]
reviewed the current energy retrofit measures and funding for residential buildings in
Spain, and specified retrofit possibilities. Galatioto et al. [24] reviewed the feasibilities of
energy retrofits in historical Italian buildings, considering insulation, energy storage, and
intelligent control actions, among other possibilities. Gagliano et al. [25] compared the
configuration scenarios of PV panels, battery capacities and energy consumption profiles
in residential applications to minimize energy exchange with the grids. He et al. [26]
presented a comprehensive retrofit analysis considering wall insulation, piping system,
occupancy sensors, and other means. Nocera et al. [27] performed a retrofit analysis for a
hotel in Italy, studying broad actions to achieve nearly zero-energy building (nZEB) status.
Pirmohamadi et al. [28] demonstrated an optimization approach for an office solar thermal
system in Iran to optimize energy consumption, and economic and environmental costs.
These studies, however, take place outside the Nordic conditions characterized by cold
climate and relatively low electricity and heat energy prices. Moreover, the introduced
studies do not consider life cycle emissions from the retrofit equipment manufacturing.

From these premises, this study first aims to develop a computationally efficient and
applicable multi-objective building energy system optimization method for energy system
component dimensioning, utilizing balanced economic and environmental optimization
objectives. The approach is based on linear optimization that can be applied in early
design phases for either new construction or retrofit and requires either simulated or
measured energy demand data of the building as an input. It extends previous research
by developing a modular and user-friendly template, utilizing built-in components from
the open-source energy system modeling framework Calliope [29]. The approach is used
to dimension energy system component retrofits for a campus building in Lahti, Finland,
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and environmental life cycle optimization is enabled by obtaining component life cycle
emission data from literature. Second, this study aims to assess the feasibility of economic-
environmental multi-objective single-building energy system optimization by analyzing
result reliability and comparability. The process is enabled by sensitivity, feasibility, and
qualitative analyses of the case optimization results, from which potential actions and best
practices are derived and discussed.

The article is organized as follows: first, the applied modeling approaches are pre-
sented, including the model validation and used parameters. Second, the optimization
results are presented along with sensitivity analyses and further insights. Last, the results
are discussed along with future research needs and conclusions.

2. Methodology

The case building in Lahti, Finland is a repurposed furniture factory, currently accom-
modating production, office, storage, and campus spaces. Floor plans of the building are
available in Appendix A. The building was originally built in the 1950s and partly modern-
ized in the late 2010s, when 111 kW photovoltaic (PV) solar panels and a 1 MW ground
source heat pump (GSHP) system with ground boreholes were installed. The building is
connected to the local district heat (DH) network.

As the building consists of several parts and is partially renovated, it contains struc-
tural parts from different eras, differing in heat conductivity. Original windows have
double glazing, i.e., inner and outer frames with single panes, whereas modernized win-
dows have triple glazing, i.e., inner frames with two pane insulating glass elements and
outer frames with single panes. Large glazing areas have solar control glass.

Due to the northern location of Finland, the achievable PV production profile is distinct
with high insolation in the long summer days, and low in the short winter days [30]. Hence,
utilizing excess PV electricity production in the summer to drive heat pumps and storing the
generated heat seasonally could be one solution to balance this characteristic. Combining
PV production and heat pump with battery [31] or thermal storage [32] have been studied;
however, the integration of these systems in Nordic conditions still needs further research.
The feasibility of this concept is investigated in the results.

As this study focuses exclusively on the building energy system, other means of
energy performance improvement, such as renovation, insulation improvement, occupant
coaching, or schedule optimization, are not considered.

2.1. Dynamic Building Energy Model and Validation

Energy demand data for the building were obtained with dynamic building simulation
software IDA Indoor Climate and Energy (IDA ICE) [4]. The building geometry was de-
rived from floor plans and by site inspection. Thermodynamic properties, such as thermal
conductivities, were sourced from structural design documentation and by inspection, and
they are presented in Table 1. The model floor area is 79,184 m2 and the volume 374,643 m3.

Table 1. Areas and heat conductivities of the building structures in the dynamic energy model. Heat
conductivity is presented as the average value with the range of various structures in parentheses.

Structure Area [m2] Heat Conductivity [W/(m2K)]

External wall 16,250 0.42 (0.17–0.66)
Roof 25,387 0.31 (0.09–0.40)

Slab, external floor 25,524 0.56 (0.11–0.59)
Glazing to north 2125 2.02 (1.00–2.90)
Glazing to east 900 1.38 (1.00–2.90)

Glazing to south 1743 2.21 (1.00–2.90)
Glazing to west 2459 1.17 (1.00–2.90)
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The default energy plant model of IDA ICE was used, containing simple heating and
cooling heat exchangers with unlimited capacities. Heating distribution fluid temperature
was set to adjust linearly based on the ambient temperature, from 70 ◦C at −30 ◦C ambient
to 20 ◦C at +20 ◦C ambient, and the zones were heated with water radiators with 21 ◦C
setpoints. Indoor cooling was performed mainly via chilled supply air with 24 ◦C zone
setpoints. The standard IDA ICE air handling unit model was used, implementing a heat
recovery exchanger with 50% efficiency and supply air heating and cooling. Constant
supply air temperature was set at 17 ◦C and fan operation schedule to 6:00–19:00 on
workdays. Office and learning spaces were configured for temperature-controlled variable
air flows from 2 L/(s m2) to 4 L/(s m2), and standard spaces with constant air flows of
2 L/(s m2). Occupancy, internal load, and indoor lighting schedule was set to 7:00–19:00 on
workdays. ASHRAE IWEC2 weather data [33] for Lahti, Finland, and the default IDA ICE
urban wind profile were used. The model construction, visible in Figure 1, was simplified
by combining zones and windows to ensure practical simulation times with satisfactory
resolution. The simplified model contains 111 window and 70 opening or door elements.

Figure 1. Dynamic campus building energy model constructed in IDA ICE. Walls, roofs, doors, and
windows are visible in the three-dimensional representation. The long facade in the forefront is
facing west.

The model was validated by comparing monthly simulated space heating and cooling
energy consumptions with measured data from the building, which includes GSHP heating
and cooling and imported district heat energies for the year 2020. In Finland, annual
variations of space heating energy consumption data are standardized according to [34]:

Qstd =
SN

SR
QR + QDHW (1)

where Qstd is the standardized space heating energy consumption, SN the average ref-
erence value for the location, SR the realized reference number for the location, QR the
realized energy consumption for the current year, and QDHW the domestic hot water energy
consumption to be excluded from the standardization. Since the available measured data
are consolidated with no possibility to separate the energy used for DHW heating, the
correction was performed inversely on the simulated data to convert them to the year 2020.
Therefore, QR is solved by Equation (1), resulting in:

QR =
SR

SN
(Qstd − QDHW), (2)
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where Qstd is now the energy consumption input from the simulated data.
The relative reference values for Lahti, Finland for the whole year of 2020 are SR = 3438

and SN = 4392 [35], indicating a warmer year than usual. In the model validation, the
monthly heating degree days values for the year 2020 [35] were used. Monthly comparison
of measured energy consumption data and corrected simulated values for model validity
assessment is presented in Table 2.

Table 2. Corrected simulated monthly energy consumption data from IDA ICE is compared to the
measured data from 2020. The simulated values are corrected to represent the year 2020 through the
heating degree days correction. The data are used for the validation of the energy consumption model.

Month Measured [MWh] Simulated (IDA ICE) [MWh] Difference [MWh]

January 1002 899 −103
February 939 835 −104

March 927 776 −150
April 603 671 69
May 410 409 −1
June 246 133 −113
July 249 247 −2

August 223 203 −21
September 274 194 −80

October 465 480 15
November 672 735 64
December 750 890 140

Whole year 6760 6474 −285

Although some monthly and seasonal variance is visible in the data in Table 2, the
annual difference of −4.2% and the similar trend shapes between measured and simulated
data were considered to validate the energy consumption model for use in this study.

2.2. Modular Energy System Model

The building energy system model was constructed with an open-source linear pro-
gramming energy system modeling framework Calliope [29]. The framework enables
multi-objective optimization with a linear programming solver of choice; in this case,
COIN-OR Branch-and-Cut (CBC) solver was used. The problem was defined as linear
programming (LP) instead of mixed integer linear programming (MILP), since values such
as storage capacity can reduce to zero to represent an absent equipment, and no binary
investment costs are included.

The model is based on energy balances of each modeled component, fulfilling the
energy balance at each timestep for each separate location, technology, and energy car-
rier. In this single-building case, there is only one location, and the balance is written
as follows [36]:

Eprod(tech :: carrier) + E con(tech :: carrier) + Eexport(tech :: carrier) = 0 (3)

where for a specific technology in an energy carrier (tech :: carrier), Eprod is the energy
produced in or brought to the node, E con is consumed, and Eexport is exported.

In this case, three main energy carriers were included in the model: electricity, heating,
and cooling. The heat carrier is divided into high- and low-temperature subcarriers: high-
temperature heat is always imported from district heat, while low-temperature heat can be
sourced from GSHP or storage. At least 50% of DHW heating power is always sourced
from the high-temperature subcarrier. The overall structure of the model components and
carriers is presented in Figure 2.
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Figure 2. Diagram of the energy system optimization model for this specific case. The main com-
ponent enabling flexibility is the ground source heat pump, which links separate energy carriers
through its energy conversion ability. In this model, energy demands are pre-defined from the
dynamic building model data.

The model configuration optimizes three parameters: PV panel peak power, heat
storage capacities, and electricity storage capacities. The system’s lifetime is 25 years
and the real interest rate is 5%. Emissions are considered with no depreciation rate. The
following subsubsections describe the individual components modeled in the energy
system model, as well as their mathematical formulations.

2.2.1. GSHP Model

The GSHP is a central component in the model, as it enables power-to-heat conver-
sion when excess PV production is available. It was simplified as an energy conversion
component with constant conversion ratios, following Equation (4) [36] in each timestep.
Using the constant coefficient of performance (COP) for heating and energy efficiency ratio
(EER) for cooling is reasonable, as the heat pump evaporator and condenser temperatures
stay quite constant in operation.

∑
tech::carrier,out

Eprod(tech :: carrier)
R(tech :: carrier, out)

= − ∑
tech::carrier,in

Econ(tech :: carrier)× R(tech :: carrier, in)× η(tech) (4)

where R is the set carrier conversion ratio. Here, the ratios correspond to COP and EER
and include the conversion efficiency η(tech). Thus, this specific GSHP is modeled as:

Eprod(GSHP :: heat)
COP

+
Eprod(GSHP :: cooling)

EER
= −Econ(GSHP :: electricity)× 1 (5)

The measured GSHP production data from the site data showed a combined production-
weighted average COP/EER 3.8, calibrated IDA ICE GSHP model COP 3.3 and EER 4.8,
and system datasheets COP 3.3 and EER 4.3 at design operating points. The datasheet
values were selected and resulted in approximately 50 ◦C condensing temperature both in
the IDA ICE model and datasheets.

In GSHP systems, too intense heat removal can lead to freezing of borehole water
and the surrounding soil [37], and therefore, the borehole heat extraction power must
be limited. Real systems are often controlled with pre-set operation modes for different
ambient temperatures. In the location, geothermal potential is approximately 7 kW per one
300 m borehole [38], which scales to 368 kW for the entire borehole field. Maximum GSHP
compressor power of 300 kW fulfilled the condition on annual level.
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2.2.2. Solar Generation and Energy Storage Technologies

The modeled PV capacity was constrained to a range from the present 111 kW to the
maximum that was estimated to fit the building roof, i.e., 555 kW. Widely commercially
available mono- or polycrystalline silicon panels were chosen, for which price and car-
bon dioxide-equivalent (CO2-eq) life cycle emission data are widely available. The used
parameters for the PV production component are listed in Table 3.

Table 3. Boundaries and specific parameter for photovoltaic systems.

Parameter Value

Maximum total peak power [kWpeak] 555
Specific cost [€/kWpeak] 1000 [39]

Specific emission [kg CO2-eq/kWpeak] 1200 [40,41]

Thermal storage was modeled as a water tank sensible heat storage, as the other
alternative, phase change material (PCM) latent heat storage, is not yet technologically
mature enough. Furthermore, the available cost and life cycle emission data of PCM
storages is scarce and uncertain. Electrical storage was modeled as a lithium-ion battery
due to its wide commercial availability and data availability. The simulated storage energy
states are defined according to Equation (6) [36], in which the current charge state is defined
via the previous timestep state:

Estorage(tech, timestep) = Estorage(tech, timestep−1)− Econη(tech)− Eprod

η(tech)
(6)

where Estorage is the charge of the observed storage and η(tech) is the technological charge
and discharge efficiency including all losses. Relevant constraints and values for the
thermal and electrical storage systems are listed in Table 4.

Table 4. Cost, emission, and performance parameters for on-site storage components.

Parameter Thermal Storage Electricity Storage

Storage capacity limit [MWh] 10 10
Power-to-energy ratio [kW/kWh] 0.1 1

Round trip efficiency [%] 81 [42] 90 [43]
Specific cost [€/kWh] 20 [42] 300 [43]

Specific emission [kg CO2-eq/kWh] 0.011 [44] 150 [45,46]

2.2.3. Cost and Emission Factors of Energy Grid Connections

Emission factors for imported energies can be defined by accounted, average, marginal.
or other values. Although electricity and district heat can be bought as accounted carbon-
free products from the utilities, the actual delivered energy can be from mixed sources.
In this model, average values for the connected grids were used. The current national
electricity emission factor is approximately 72 g CO2/kWh [47], and the local district heat
emission factor is 57 g CO2/kWh [48]. Emission factors for electricity and district heat are
assumed to decrease linearly and reach zero after 25 years. Energy import costs are the
total empirical values for the case, including energy, transmission, and tax components.
Exported electricity compensation includes only the energy component, and thus, it is
lower than the total cost of imported energy. The values are consolidated in Table 5.
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Table 5. Cost and emission parameters for energy grid connections.

Parameter Electricity District Heat

Specific energy cost [€/kWh] 0.10 [49,50] 0.05 [51]
Exported energy compensation [€/kWh] 0.03 [52] –

Current CO2 emission [g CO2/kWh] 72 [47] 57 [48]
Projection, after 25 years [g CO2/kWh] 0 0
Averaged over lifetime [g CO2/kWh] 36 28.5

2.2.4. Life Cycle Cost and Emission Calculation

Life cycle costs and emissions were calculated with Calliope, following Equation (7) [36].
Emissions from maintenance operations were not considered separately, as they are not a
significant part of the total life cycle emissions in this case. However, they can be included
in other models or applications, if necessary.

C(cost, tech) = Cinv(cost, tech) + ∑
timestep∈timesteps

Cvar(cost, tech, timestep) (7)

where C(cost, tech) represents the cost for a single cost type (cost, such as monetary or
CO2-eq) and for a single technology (tech). Cinv is the present value of investment and Cvar
is the present value of variable costs for each considered timestep. The total system cost or
emission for the entire lifetime is calculated by summing all individual technology cost
values calculated with Equation (7).

3. Results

The photovoltaic panel, thermal storage, and electrical storage retrofits were opti-
mally dimensioned for the case building for three objective scenarios, which minimize the
objective functions for the system lifetime of 25 years:

• Economic: cost 100%.
• Balanced: cost 50%, emissions 50%.
• Environmental: emissions 100%.

The optimization results are presented in Table 6. Compared to the reference scenario,
in all modified scenarios, the GSHP can be at least 5% better utilized in heating due to
more available renewable electricity or the added thermal storage component. Electricity
storage (lithium-ion battery) is not deployed on any objective due to high life cycle costs
and emissions.

As the data in Table 6 shows, in the economic scenario, maximum possible PV gener-
ation capacity and some thermal storage is installed. This setup provides a total energy
import reduction of over 5% annually, but considering life cycle emissions from the equip-
ment, it causes 6.5 tons more annual CO2-eq emissions compared to the reference scenario.
This converts to a 2.6% life cycle increase. The large increase of PV production capacity
leads to more electricity exports than in the reference scenario, which is especially notice-
able on the self-used PV electricity ratio of 90% (approximately nine percentage points
lower than in the reference results). The rather small compensation of exported electricity
0.03 €/kWh keeps the arrangement profitable.

The balanced scenario increases annual costs slightly while reducing emissions roughly
by 1%, enabled by thermal energy storage at 2.5 MWh capacity. It is notable that high
CO2-eq emissions from PV panel production block additional installations even in this
half-environmental objective. DH imports are replaced with electricity imports due to more
extensive use of GSHP heating.

In the environmental scenario, the thermal storage capacity is increased to the cap of
10 MWh, with an annual cost increase of almost 10 k€. This option seems the least desirable
for the building owner, even though the GSHP can be very well utilized.
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Table 6. Energy system optimization results and parameters for the three optimization objectives simulated in Calliope,
compared to the reference case.

Reference Economic Balanced Environmental

Installed PV peak power [kW] 111 555 111 111
Installed heat storage [kWh] 0 1982 2619 10,000

Installed electricity storage [kWh] 0 0 0 0
GSHP heat production [TWh/a] 4.92 5.17 5.21 5.39

Production change to reference [%] +5.0 +5.8 +9.5
PV exports [MWh/a] 0.98 46.05 0.00 0.00
PV self-use ratio [%] 99.0 90.3 100.0 100.0

Electricity import [TWh/a] 5.38 5.12 5.46 5.52
DH import [TWh/a] 2.54 2.35 2.31 2.16

Total energy import [TWh/a] 7.92 7.47 7.78 7.68
Import change to reference [%] −5.7 −1.8 −3.0
Cost of energy imports [k€/a] 665.1 629.5 662.1 660.2

Cost of investments [k€/a] 0.0 33.1 3.7 14.2
Cost change to reference [%] −0.4 +0.1 +1.4

CO2 from energy imports [t CO2/a] 266.1 251.3 262.6 260.4
CO2-eq from equipment [t CO2/a] 0.0 21.3 0.0 0.0

CO2--eq change to reference [%] +2.6 −1.2 −1.9

3.1. Sensitivity from Imported Energy Prices and Emissions

Result sensitivity was assessed by varying the uncertain inputs and assumptions of the
energy system model: future imported energy price, grid emission factors and their projec-
tions. The assessment was performed on three scenarios, simulated for each optimization
objective to enable evaluating effects from both monetary and emission factors:

A. All imported electricity and district heat is considered zero-emission for the whole
simulation period. Procurement of carbon-neutral energies raise the specific costs
of imported energy by 20% in the model. It is acknowledged that full life cycle
emissions are neglected, and actual emissions could be compensated in accounting.

B. Instead of carbon-neutral electricity and DH networks after 25 years, the specific
emissions will only reduce linearly to 50% from current levels. In the model, the
emission factors for imported energy are increased by 50%.

C. This modification assumes that the cost of imported energy will increase linearly
by 100% in 25 years, instead of staying at current inflation-corrected levels. In the
model, the imported energy prices are increased by 50%.

Figure 3 shows simulation results from the listed scenarios. Overall, the optimization
results are very sensitive to assumptions about future energy prices and emissions. Lithium-
ion battery storage capacity remains at zero even in all the above scenarios.

The most apparent remark from Figure 3 is that in scenario A with environmental
optimization objective, the optimized system obviously prefers importing all energy from
the networks instead of installing any local production or storage equipment. This is clear,
as installing new local equipment would produce life cycle emissions. However, it well
represents the discrepancy of the available carbon emission values and the possibilities of
creative CO2 accounting.

In scenarios B and C, the modifications cause the largest effect in the balanced opti-
mization objective (50% monetary, 50% emission), in which the installed PV power and
heat storage capacities are greatly increased due to less desirable imports. However, even
in the environmental objective in scenario B, the PV power capacity is not increased due to
its high specific emissions.
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Figure 3. Sensitivity assessment results of optimization, in which the descriptions are as presented
earlier. -: No modifications, original results. A: All imported energy is carbon neutral. B: Emission
factors are increased 50%. C: Cost factors are increased 50%. Lithium-ion battery capacity remains
zero in all scenarios, and thus, it is excluded from the graph.

3.2. Feasibility of Component Life Cycle Emissions

As no additional PV or electricity storage capacity were introduced in the environ-
mental optimization results, a feasibility study for component life cycle emissions was
conducted to determine the magnitude of necessary life cycle emission reductions to
make the component installations environmentally feasible. At the same time, the specific
component life cycle emission values sourced from literature are a major source of result
uncertainty. Specific emission values for lithium-ion batteries vary greatly in the litera-
ture and depend on the manufacturing location. The current values range approximately
80–250 kg CO2-eq/kWh [45,46], and similarly, broad ranges are present in the PV and heat
storage values. Therefore, sensitivity from the life cycle emission factors was assessed by
varying the emission factors of all components, as in Table 7. The optimization runs were
performed for the environmental optimization objective, as the modifications cause no
monetary impacts.

Table 7. Parameters for assessing the effects of varying component life cycle emission values.

Parameter −75% −50% −25% Initial +50%

PV panel [kg CO2-eq/kWpeak] 300 600 900 1200 1800
Water tank [kg CO2-eq/kWh] 0.00275 0.0055 0.00825 0.0110 0.0165

Lithium-ion battery [kg CO2-eq/kWh] 37.5 75 112.5 150 225

The simulations resulted in configurations presented in Table 8. In this specific case, a
lithium-ion battery becomes environmentally feasible only in the −75% scenario, with a
specific life cycle emission of 37.5 kg CO2-eq/kWh. According to the literature, this level is
not currently achievable. PV installation becomes feasible in the −50% scenario, resulting
in maximum possible installation. The analysis also shows that correct component life
cycle emission values are essential for reliable environmental optimization results.
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Table 8. Results of the component life cycle emission feasibility analysis.

Parameter −75% −50% −25% Initial +50%

PV panel [kWpeak] 555 555 111 111 111
Water tank [kWh] 10,000 10,000 10,000 10,000 10,000

Lithium-ion battery [kWh] 51 0 0 0 0

3.3. Power-to-Heat and Storage Interoperation

As heat production with GSHP is cheaper and causes lower emissions than DH even
with imported electricity due to the high COP, the model utilizes the GSHP to proactively
store heat in the thermal storage for space and DHW heating. This power-to-heat operation
mode is especially beneficial in the timesteps where PV production exceeds local electricity
demand, which is often the case on weekends. For assessment, the economic scenario
optimization result was used because of the maximum available PV generation. The
optimized storage capacities are not suitable for seasonal storage, but sufficient for inter-
day buffer. Figure 4 shows system operation for the first week (Monday–Friday) of July
including the leading weekend (Saturday–Sunday), when excess PV production is available.

Figure 4. Demonstration of power-to-heat and storage interoperation from the simulated data. The
graph shows one-hour timesteps for the first week (Monday–Friday) of July, including the leading
weekend (Saturday–Sunday).

Figure 4 shows the thermal storage charging to 100% state-of-charge (SOC) during the
weekend using heat generated with GSHP, when the local photovoltaic generation exceeds
the total electricity demand. The storage is then optimally discharged during the week by
utilizing the heat mainly for DHW heating.

4. Discussion and Conclusions

In this study, a new building energy system optimization approach was developed.
The approach was tested for a case campus building, for which energy consumption
data were generated with a dynamic energy model. The consumption data were used to
develop an energy system optimization model, which in this case was used to dimension
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photovoltaic (PV) generation and storage equipment. The optimization objectives were
both monetary cost and carbon dioxide equivalent (CO2-eq) emissions. The developed
method was identified to function satisfactorily in the case study, and the optimization
results served as the material for the feasibility analysis of multi-objective optimization.

The developed energy system optimization model sees input data from dynamic
building simulation or measurements as “black box”, taken as provided. The black box
nature of the input data reduces the computational load and sensitivity in the optimiza-
tion phase. For existing buildings, measured data could also be used. The approach
prevents considering energy demand flexibility, and possible thermodynamic effects to the
building structures are also neglected. Comprehensive modeling of these factors would
require a more integrated optimization solution, potentially implemented directly in the
dynamic building simulation software. Integrated optimization, however, requires consid-
erably more computational resources, while the industry needs an easily applicable and
computationally affordable approach. The developed method fulfills this requirement.

The power-to-heat concept manifested naturally from the available component mix
of PV panels, thermal storage, and heat pump. In this case, it was demonstrated as the
capability to convert excess solar electricity production to heat with the heat pump and
store it in the thermal storage for later consumption. This concept could turn out as an
essential function in future carbon-free energy systems. Studying this approach more
specifically, however, is outside the scope of this study and requires further research.

The retrofit dimensioning results of the case campus building are significant and
puzzling. Due to high emissions from manufacturing of photovoltaic panels and lithium-
ion batteries in addition to low CO2 factors of imported energy, no life cycle emission
reductions appear to be gained from installing additional PV panels or batteries for the
25-year lifetime in this case. This result significantly diverges from the presumption that
local renewable energy production and storage provide environmental life cycle emission
benefits. The conclusion is not directly generalizable, however, as it depends on the specific
building and its equipment, local CO2 emission factors, and projections that electricity
and district heat imported from the energy networks will be carbon neutral after 25 years.
Future research needs to cover more buildings in different locations to study differences
between geographical areas.

The sensitivity and feasibility analyses of the case results indicate that correct imported
energy and component life cycle emission values are crucial for reliable environmental
optimization. Sourcing of correct life cycle emission data for components such as lithium-
ion batteries requires knowledge of the manufacturing location and detailed specifications.
Furthermore, emission factors of imported grid energy are rapidly decreasing, as electricity
and DH networks in Finland are converting to carbon-neutral production, and the reported
values do not always represent the full life cycle. This complicates the sourcing of reliable
input values for environmental optimization and causes the results to expire rapidly.

The presented optimization approach considers only a single building. For cost
optimization, this seems feasible, as the incentives are clear for the property owner in
the form of cost savings. However, emission minimization has currently no tangible
incentive for the property owner and may thus remain unimplemented. Furthermore, the
environmental optimization result with no installed PV panels seems to conflict with the
fact that small-scale distributed renewable energy generation including PV is generally
considered a requirement for carbon-neutral electricity networks. Applicable results would
probably require optimization on several system levels and coordination between them.
In the future, frameworks such as emissions trade could be further extended to translate
these considerations into the monetary domain.

Based on the previous points, it would seem feasible that especially in future renew-
able energy systems, reported specific energy emissions included life cycle emissions from
system manufacture, deployment, operation, decommissioning, and other considerations,
instead of only direct emissions from combustion. The current methodological discrep-
ancies in emission factors complicate emission optimization and cause uncertainty in the
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results. Naturally, the situation might change with future regulations or incentives, but
the field still needs further research. Currently, for a building owner, single-objective cost
optimization could be the most sensible approach due to its clear incentives and robustness.
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Appendix A

Appendix A contains floor plans of the modeled case building. Variable z represents
the vertical coordinate.

Figure A1. First floor (z = 0.0 m).
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Figure A2. Second floor (z = 4.5 m).

Figure A3. Third floor (z = 9.0 m).
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Figure A4. Fourth floor (z = 13.5 m).
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40. Yıldız, G.; Çalış, B.; Gürel, A.E.; Ceylan, İ. Investigation of Life Cycle CO2 Emissions of the Polycrystalline and Cadmium
Telluride PV Panels. Environ. Nanotechnol. Monit. Manag. 2020, 14, 100343. [CrossRef]

41. Liu, F.; Van den Bergh, J.C.J.M. Differences in CO2 Emissions of Solar PV Production among Technologies and Regions:
Application to China, EU and USA. Energy Policy 2020, 138, 111234. [CrossRef]

42. Hauer, A.; Simbolotti, G.; Tosato, G.; Gielen, D. Thermal Energy Storage; IEA-ETSAP: Paris, France; IRENA: Abu Dhabi, United Arab
Emirates, 2013.

43. IRENA. Electricity Storage and Renewables: Costs and Markets to 2030; International Renewable Energy Agency: Abu Dhabi,
United Arab Emirates, 2017; ISBN 978-92-9260-038-9.

66



Energies 2021, 14, 7742

44. Thaker, S.; Oni, A.O.; Gemechu, E.; Kumar, A. Evaluating Energy and Greenhouse Gas Emission Footprints of Thermal Energy
Storage Systems for Concentrated Solar Power Applications. J. Energy Storage 2019, 26, 100992. [CrossRef]

45. Philippot, M.; Alvarez, G.; Ayerbe, E.; Van Mierlo, J.; Messagie, M. Eco-Efficiency of a Lithium-Ion Battery for Electric Vehicles:
Influence of Manufacturing Country and Commodity Prices on GHG Emissions and Costs. Batteries 2019, 5, 23. [CrossRef]
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Abstract: The Paris Agreement requires building retrofitting practices to be more efficient and
effective. However, the current practice for building energy retrofitting is lacking behind, and
one reason for that is the time-consuming process of energy credit evaluation. Energy performance
assessment such as BREEAM-NL in the Netherlands could apply a more automatic approach with the
help of building information modelling (BIM) for an efficient building energy retrofitting evaluation
process. However, to what extent BIM can help in accelerating energy performance evaluation
in the BREEAM-NL certification process is under-examined. This paper first combines literature
findings with practical interviews from a case study organization to present a holistic overview
of the potential for automating energy-related credits evaluation in BREEAM-NL using BIM. To
understand the possible impacts of such transition, a responsible, accountable, consulted, and
informed (RACI) matrix is developed to map the impacts on different actors involved. Furthermore,
to help practitioners in an organizational context to adopt a BIM-enabled energy credits assessment
workflow, the case study organization is studied to (1) understand their current BIM use status;
(2) propose a suitable starting point to take toward a BIM-enabled energy performance assessment for
building energy retrofitting. Finally, the proposed starting point is demonstrated using a customized
application, and the project team’s feedback is used to verify its efficiency and future directions
are identified.

Keywords: building energy retrofitting; building information modelling (BIM); energy performance
evaluation; BREEAM-NL; energy transition; RACI matrix

1. Introduction

In 2015, 196 different countries signed the Paris agreement to tackle the climate
challenges by reducing carbon emissions. In total, the involved countries are responsible for
96.5% of the total emission. This agreement obliges countries to transform their activities on
different levels and to be environmentally, socially, and economically ready for the future [1].
The Netherlands signed the Paris Agreement as well, and the conditions stated in the
agreement are translated by the Dutch government to a National Climate Agreement (NCA).
The central goal of the NCA is to reduce the Netherlands’ greenhouse gas emissions by 49%
by 2030, compared with 1990 levels, and a 95% reduction by 2050 [2]. The green revolution
has urged the architecture, engineering, and construction (AEC) sector’s transition, as
approximately 35% of the total energy consumption in the Netherlands is accounted for
by the building industry [3]. As a result, the Netherlands is on the cusp of a sustainable
energy transition of the built environment and the adaptation of the seven million homes
and one million buildings [4].
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One of the major challenges to achieving sustainable energy transition of the built
environment is the state of the existing building stock. Evaluating and optimizing the
energy performance of the building is an important part of sustainable building retrofits.
However, not knowing the current status and the potential energy benefits in time hinders
the implementation of building energy retrofitting. Green building certifications can serve
as useful instruments of guidance in this process. Through in-depth evaluation metrics
and a decision support framework, green building rating systems can help designers in
improving the sustainability of buildings [5].

There are several different environmental certification methods prevalent in the
Netherlands such as Building Research Establishment Environmental Assessment Method
(BREEAM), Leadership in Energy and Environmental Design (LEED), Enegielabel, GPR
Gebouw, etc. Amongst these, BREEAM is one of the most widely accepted choices of
environmental assessments [6]. The Dutch Green Building Council (DGBC) has developed
a national adaptation of the guideline named BREEAM-NL in 2009. The requirements of
the certification system were tailored to align with the national standards and legislation.
Ever since, its popularity and the total BREEAM-NL certified area has been increasing
steadily. Due to a lack of data, especially for the existing building stock’s renovation
projects, the sustainability assessments in practice are often conducted at the end of design
stages with time-consuming manual data gathering processes, when the scope for changes
or corrections is too little [7–10].

The development of building information modelling (BIM) brings the potential to im-
prove this green building evaluation process and accelerate the building energy retrofitting
practice. The need for data-driven design has been boosting the application of BIM in
the AEC industry. Lately, the use of BIM for the creation of sustainable assets has been
gaining momentum. This convergence of BIM and green buildings is often referred to
as Green BIM. Krygiel et al. [11] were one of the early works that discussed the potential
of BIM for sustainable project delivery. Integration of multidisciplinary information and
facilitation of performance analyses with regards to energy, thermal comfort, daylight-
ing, etc., are some of the commonly known advantages BIM can offer for green building
projects. Lu et al. [12] identified that BIM-supported lifecycle functions, environmental
analyses, and green building assessments are the three primary facets of integrating BIM
with green buildings.

Despite the increasing number of studies providing evidence to support these claims,
BIM is not being actively used for sustainability assessments or green certifications [13,14].
Furthermore, Ayman et al. [15] concluded that further work must focus on real-life prob-
lems identified from the industry and propose solutions in response to that.

The main question that will be answered in this research is, therefore:

To what extent and how can BIM help in accelerating building energy retrofitting implemen-
tation in the energy performance evaluation process of BREEAM-NL certification practice?

The research has three main aims:
AIM 1: To investigate in industrial practice, supported by literature, the possibilities of
BIM application in building energy retrofit assessments for BREEAM-NL certification;
AIM 2: To understand the impacts on actors involved in the transition to an automated
BIM-enabled approach;
AIM 3: To propose context-specific starting points in response so that the building energy
performance evaluation can be automated, and the building energy retrofitting process can
be accelerated.

The rest of the paper is structured as follows:
Section 2 presents the context of the research, including both literature findings and an
introduction to the case study organization;
Section 3 explains the methodology followed in this research;
Section 4 presents the possibilities for BIM to enable automatic energy-related credits
evaluation in BREEAM-NL assessment;
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Section 5 presents the possible impacts for different actors involved based on a responsibil-
ity, accountable, consulted, and informed (RACI) matrix;
Section 6 makes a customized recommendation starting point for this case study organiza-
tion based on their BIM maturity and workflow and the recommendation is demonstrated
using a custom application for one selected credit. The impacts are validated by experts;
Section 7 concludes the findings and discusses the limitations and future directions.

2. Context of the Research

2.1. BREEAM-NL for Building Energy Retrofits

The world is witnessing a paradigm shift leading to the evolution of building codes
and guidelines to enable and evaluate sustainable developments, such as the development
of green building councils [16], which promote green building assessments (GBA). The
Building Research Establishment’s Environmental Assessment Method (BREEAM) has
become more popular in European countries [17] due to its flexibility for adaptation by
the local regulations. BREEAM-NL is the national adaptation of this international scheme
tailored to the regional context of the Netherlands. An important distinction has been
made in the roles involved in the accreditation process. BREEAM international only
has a licensed assessor that is responsible for assessing the documentation submitted by
the design team, while BREEAM-NL has two functional roles: BREEAM-NL expert and
BREEAM-NL assessor. A BREEAM-NL expert is a trained content and process manager
that can support the developer/ the client in the design and construction phases to meet
the BREEAM-NL requirements. A BREEAM-NL assessor is an independent professional
working for a licensed organization. The assessor is responsible for examining the evidence
submitted by the expert and preparing an assessment report based on which DGBC issues
the final certification decision.

The BREEAM-NL assessment starts with the client’s ambition, expressed as a program
of requirements, which guides the design process for architects and mechanical, electrical,
and plumbing (MEP) designers. The design teams provide information to the BREEAM-
NL team that will be used to verify the compliance of the design with the certification
requirements. The interaction and feedback will be used to optimize the design. The
BREEAM-NL team submits the documentation to an assessor. The chaotic distribution
of information is one of the biggest challenges of green building assessments (GBA) [18].
This manual way of green building assessments is not only time consuming but also error
prone [19]. A more efficient and intelligent way of data acquisition and assessment system
can greatly benefit project teams in achieving green certifications.

BREEAM-NL rating system has three hallmarks depending on the type of the project:
new construction and renovation, in use, area development and re-development. Large-
scale renovations or deep energy retrofits that involve changes to the building envelope,
installations, or the building function fall under the first hallmark: new construction and
renovation. Energy is one of the ten sustainability topics covered in the BREEAM-NL
guideline. The requirements related to this category weigh the highest, amounting to 19%
of the total available points [20].

To obtain a BREEAM-NL certificate for a renovation project, the project teams must
demonstrate compliance with numerous requirements laid out in the assessment guideline.
These requirements concern improvement in the performance of the asset as compared
with the existing baseline situation. Additionally, based on the total number of points
obtained, the certification decision is made. This entire process is time consuming and
laborious, because it requires large amounts of interdisciplinary information distributed
between several different stakeholders. Moreover, the availability of accurate information
about the existing building condition and its performance during the design phase is crucial
for a successful renovation project.

In the Netherlands, approximately half of the housing stock was built before 1975,
and nearly 40% of the usable surface area in non-residential building stock was built after
1994 [21]. Therefore, most of these assets, especially in the non-residential sector, are
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not energy efficient and do not yet have a registered energy label. Energy renovation of
existing buildings is instrumental to meeting future sustainable requirements [22]. As
mentioned, BREEAM-NL assessment can help make optimal designs through energy
performance metrics, and automating this evaluation process can improve the building
energy retrofitting practice.

2.2. BIM-Enabled Energy Performance Assessments

BIM refers to the ICT technologies, working processes, and policy guidelines that
together enable the creation and management of information related to a building through-
out its lifecycle [23]. By integrating the different data sources in a single information model,
BIM not only facilitates n-dimensional analysis but also allows for smoother, real-time
collaboration between project stakeholders. In light of these advantages, the majority of the
AEC organizations started to move away from two-dimensional CAD workflows toward a
data-oriented, BIM approach in the past two decades. This transition occurs in incremental
maturity stages starting from object-based 3D modelling to network-based integration of
all disciplines [24].

Energy performance assessment and compliance verification is one of the many
opportunities created by the introduction of BIM. For example, through building energy
models (BEM), BIM can enable the assessment of the performance of an asset against
energy efficiency standards. It can also help identify the best renovation and retrofitting
solutions by allowing for a comparison between existing building performance and the
expected performance after selected changes [25]. By enabling performance evaluation in
concurrence with the design process, it empowers design teams to make sustainable choices
in the early design phases of a project when the flexibility for changes and corrections is the
highest. The use of BIM also offers the possibility of automating the compliance verification
process for green certifications, which greatly reduces the time and errors associated with
traditional methods of sustainability assessments. Storing information related to green
certification requirements in the BIM model could also fasten the process of producing
necessary documentation. The use of BIM can, therefore, benefit the energy assessment
process in three ways:

• By enabling performance evaluation in concurrence with the design process, it em-
powers design teams to make sustainable choices in the early stages of the project;

• By replacing the traditional, manual methods of evaluation with an automated ap-
proach, it makes the process of verifying compliance with regulations or green certifi-
cation requirements more efficiently;

• By proper data management and linking information sources, it facilitates and streamlines
the massive document management required for achieving these certifications [12,26,27].

Despite the increasing number of studies providing evidence to support this claim,
the industry is struggling to capitalize on the benefits of green BIM. As of now, Lu et al. [12]
identified several challenges facing the implementation of BIM-based energy and sustain-
ability assessments such as a lack of appropriate technology, interoperability between
BIM and BEM tools, and the integrity of BIM models. Furthermore, most of the studies
(more than 70%) on the integration of BIM and sustainability assessments focused on LEED
certification, while knowledge regarding BIM applicability for other certifications is insuffi-
cient [28]. Based on the existing literature, it is estimated that about 67% of LEED credits
can be linked to BIM, whereas merely 24% of BREEAM credits have been linked to BIM [5].
Furthermore, the requirements in BREEAM-NL are aligned with the Dutch legislation, and
these are not yet embedded into the commonly used software programs. Therefore, until
the release of a relevant commercial software, in order to automate assessments, technical
infrastructure has to be developed by the project teams themselves. Table 1 provides an
overview of the software tools used for automated assessments of various sustainability
rating systems. It can be seen that BREEAM-NL was not discussed before.

72



Energies 2021, 14, 8225

Table 1. Common software tools used for sustainability evaluations (derived from Carvalho et al. [5]).

Software Applied Certifications 1

Autodesk REVIT (in combination with API/Dynamo) BREEAM International 2013, BREEAM Offices 2008, LEED NC

IES-VE BREEAM UK 2011, BREEAM UK Refurbishment and Fit-out
2014, LEED NC

TAS BREEAM UK 2011, LEED NC

Energy Plus BREEAM UK 2011, LEED NC

Green Building Studio LEED, BREEAM UK Refurbishment and Fit-out 2014

Visual Studio BREEAM Europe Commercial 2009

Excel BREEAM International 2013, LEED NC
1 Software tools used in previous academic works for the listed rating systems.

2.3. Energy-Related Credits in BREEAM-NL

The BREEAM-NL assessment guideline is divided into nine “categories” based on
the topic they deal with. Figure 1 shows the different categories and their weightage in
the new construction and renovation hallmark of BREEAM-NL. Energy category has the
highest weightage at 19% followed by health and comfort at 15% and materials at 12%.

Figure 1. BREEAM-NL new construction and renovation—composition.

The energy category of BREEAM-NL is divided into credits aiming at measures to
improve the energy performance of the building through design features and efficient
installations. These credits are worth a maximum of 29 points, plus an additional 2 points
available for exemplary performance. The description of the credit requirements and
associated points are provided in Table 2. This table serves as the input for the semi-
structured interviews conducted to investigate the potential of using BIM for automated
assessments in Section 4, the associated impacts of BIM use on different actors in Section 5,
and recommended digitalization starting points in Section 6.
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Table 2. Overview of the credits in the energy category, BREEAM-NL 2014 v2 (derived from the BREEAM-NL guideline).

Credit Description Max Score Sustainability Objective Assessment Method

ENE 01: Energy efficiency 15

To encourage design optimization
that will result in the lowest possible

CO2 emissions due to
building-related energy consumption

Percentage improvement in energy
performance coefficient (EPC) as

compared with the energy
performance standard (EPN) has to

be calculated

Exemplary performance 2
To promote exemplary performance
through CO2 neutral building (parts)

and dynamic energy modelling

Calculation of energy generation and
demands of the building through

dynamic modelling tools

ENE 02: Sub-metering of
energy consumption 2

To ensure that the significant energy
consumption zones within
a building are metered and

monitored separately

Design verification to ensure that
energy sub-meters are placed in the

significant consumption groups

ENE 04: Energy-efficient
outdoor lighting 1

To promote the usage of
energy-efficient lighting fixtures and

reduce outdoor lighting related
CO2 emissions

Specific lighting power per lux
calculation and verifying if it is under

0.1 W-Lux/m2.

ENE 05: Application of
renewable energy 3 To encourage the use of renewable

energy sources

Feasibility study for the application
of renewable energy sources and the

resulting percentage reduction in
carbon emissions

ENE 06: Minimizing
air filtration 1

To promote CO2 reduction through
efficient design that minimizes heat

and cold losses

Qualitative design verification to
ensure the application of appropriate
interventions for minimal loss of heat

and cold

ENE 07: Energy-efficient
refrigeration and cold storage 1

To promote energy savings and CO2
reduction through the use of efficient

cold storage equipment

Verifying that the specifications of the
refrigeration equipment meet

the requirements

ENE 08: Energy-efficient
elevators 2 To promote energy savings and CO2

reduction through efficient elevators
Verifying that the specifications of the

elevators meet the requirements

ENE 09: Energy-efficient
escalators 2 To promote energy savings and CO2

reduction through efficient escalators
Verifying that the specifications of the

escalators meet the requirements

ENE 26: Assurance of thermal
quality of the building 2 To guarantee the thermal quality of

the building envelope

Thermographic survey on-site to
check for thermal irregularities and

quality of insulation

Total max. points 31

3. Research Methodology

A mix of methods have been applied (shown in Figure 2) in this research, namely
desk study, semi-structured interviews, RACI matrix actor mapping, and the development
of a custom application to demonstrate the recommendations and validation of these
recommendations through semi-structured interviews.

This study starts with a desk study on BIM-based energy performance and green
building assessments. A comprehensive qualitative analysis of the requirements of the
energy credits stated in the BREEAM-NL new construction and renovation 2014 v2 guide-
line [29] for building energy retrofits has been performed. These requirements are then
mapped to relevant stakeholders, BIM uses, and automation possibilities for each credit.
This serves as a starting point for mapping the possibilities of using BIM for automation
and also as an input for semi-structured interviews.

This research is practice-oriented, with a focus on the multidisciplinary nature of
BREEAM-NL energy evaluations and problems experienced by industry professionals.
Therefore, we have embedded this research in a case study organization, and expert in-
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terviews have been conducted throughout the process, starting from problem statement
initiation, process and actor mapping, and recommendations for energy assessment im-
plementation strategies based on the BIM maturity, toward validation of the proposed
strategies in the end. A total of ten semi-structured interviews have been conducted and
the duration of each interview ranged from 60 to 75 min to discuss topics listed in Table 3.
The interviews have been performed with interviewees’ consent and the results have
been anonymized.

The semi-structured interviews of actors involved in energy assessments of BREEAM-
NL help in four aspects:

• Supplementing and validating the possibilities of using BIM for BREEAM-NL energy
credits in building energy retrofits, identified from desk study;

• Understanding the responsible, accountable, consulted, and informed actors in the
process and the current implementation status of BIM in BREEAM-NL assessment;

• Proposing customized starting points in response to the current BIM use status for
BIM-enabled energy performance evaluation;

• Validating the proposed starting points and the associated applications.

 
Figure 2. Methodology framework.
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Table 3. List of interviewees and topics discussed.

Actor Code Role Experience Interview Topics

A1 BREEAM expert and
sustainability consultant

3+ years’ experience in
BREEAM projects

(1) Workflow and methodology of energy assessments
in BREEAM-NL
(2) Means of information exchange and collaboration
with other stakeholders
(3) Awareness and use of BIM for energy assessments
(4) Foreseeable challenges for BIM integration
(5) Time taken for energy assessments
(6) Most critical/time-consuming steps in the process

A2 BREEAM expert and
sustainability consultant

5 years’ experience in
BREEAM projects

A3 BREEAM expert and
sustainability consultant

13 years’ experience in
BREEAM projects

A4 Energy specialist 5 years’ experience as
Energy consultant

A5 Energy specialist 5 years’ experience as
Energy consultant

A6
Architect (external actor with
a collaboration history with
the case study organization)

20 years’ experience in
architectural design

(1) Role and level of involvement in the BREEAM-NL
assessment process
(2) Awareness of the BREEAM-NL requirements
(3) Awareness and use of BIM for energy assessments
(4) Foreseeable challenges for BIM integration
(5) Time spent on BREEAM-NL energy assessments
(6) Most critical/ time-consuming steps in the process

A7 MEP designer 30 years’ experience in
MEP design

A8 MEP designer 12 years’ experience in
MEP design

A9 BIM manager 9 years’ experience
with BIM

(1) Position of the BIM department in the
organizational structure
(2) Organizational culture, drivers, and challenges of BIM
(3) Level of involvement in BREEAM-NL projects
(4) BIM maturity level of the organization
(5) BIM tools and processed adopted

A10 BIM and digitalization lead
15 years’ experience in
product development

and digitalization

A responsible, accountable, consulted, and informed (RACI) matrix [30,31] has been
made to understand the actors involved and their roles. This serves as the basis for
examining the impacts and potential barriers of BIM-enabled workflow on various actors
in this process.

To enable the validation of the proposed steps, an application for one example energy
credit using REVIT API 2021 has been developed to implement the recommendations.
Using the data from the desk study and practical interviews, a custom tool has been
developed in C# that can automate the assessment process of the identified example credit.

4. Integration with BIM: Possibilities

After the analysis of the requirements stated in the guideline and interviewing experts,
it has been identified that there are two types of data requirements for energy assessments:

• Data about building geometry, characteristics, and specifications of the components
used in the building, which can be obtained from BIM models;

• Performance-related data can either be obtained from dynamic BEM models or static
calculation methods using the information from BIM models.

For the first category, BIM can be used for intelligent data acquisition and rule check-
ing. Therefore, for the evaluation metrics that concern only this type of information, the
assessment can be fully automated if the required information is stored in the BIM mod-
els. However, in the case of evaluation metrics that require both building geometry and
performance-related data, the integration of BIM data with performance data obtained
from software tools approved by the DGBC is required to make energy assessments for
BREEAM-NL. Therefore, apart from the availability of data, the interoperability between
BIM and BEM tools is detrimental for automation.

For performance-related criteria, two kinds of assessments are possible: dynamic
simulations and static calculations. Static methods of calculation make use of pre-defined
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factors and several assumptions for the assessment of building performance. Building
related information for these assessments can be fully extracted from BIM models given
an appropriate level of detail (LOD) [32] in the models. These methods are less complex,
but fail to capture the impact of environmental and operational dynamics on building
performance [33]. Dynamic calculation methods make estimates on building performance
considering the dynamic weather conditions, occupant usage, and varying energy demands
and, therefore, yield more accurate results. These assessments are carried out in an external
energy analysis tool such as Integrated Environmental Solutions Virtual Environment
(IESVE) or Green Building Studio (GBS). Table 4 provides an overview of the potential BIM
use for automation for the energy credits evaluation.

Table 4. BREEAM-NL energy credits vs. BIM uses.

Credit BIM Uses Input Data Source Automation Possibility

ENE1
Data extraction

Performance analysis and prediction
Compliance validation

BIM + BEM Partial

ENE2
Data extraction
Documentation

Compliance validation
BIM Full

ENE4
Data extraction
Documentation

Compliance validation
BIM Full

ENE5
Data extraction

Performance analysis and prediction
Compliance validation

BIM + BEM Partial

ENE6 Documentation
Design reviews BIM None

ENE7
Data extraction
Documentation

Compliance validation
BIM Full

ENE8
Data extraction
Documentation

Compliance validation
BIM Full

ENE9
Data extraction
Documentation

Compliance validation
BIM Full

5. Integration with BIM: Impacts on Actors

This section starts with a responsible, accountable, consulted, and informed (RACI)
matrix developed based on the results from the desk study and the semi-structured in-
terviews from the case study organization (Section 5.1). The RACI matrix is then used to
evaluate the potential impacts on actors and implementation in the case study organization
(Section 5.2).

5.1. The RACI Matrix for BREEAM-NL Assessment

Table 5 presents the developed RACI matrix for BREEAM-NL assessment in the case
study organization, and the BREEAM-NL expert is a special role in this process as described
in Section 2.1. It must be noted that these responsibilities relate to design-phase assessment
only. The post-construction review is based on as-built information, in which case, BIM
can be used to produce documentation.
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Table 5. BREEAM-NL energy credits vs. stakeholder responsibilities.

Credit Input Data for Assessment

Stakeholder

BREEAM-NL
Expert

Architect MEP Designer
Sustainability

Engineer
Contractor

ENE1 EPC Calculation R

Inputs:
(a) Geometry and building envelope

related information
A I C I

(b) HVAC system details I A C I
(c) Renewable energy system details I A C I

Use of certified calculation software R

ENE2 Significant energy consumption zones
and placement of energy sub-meters R I A I I

Information on if sub-meters are
connected to a building

management system
R I A I I

ENE4 Luminous flux, power, and target
illuminance area of lighting fixtures R I A I I

Purpose of lighting fixtures:
utility/ decorative R C A I I

Presence of automatic dimming or
switching options R I A I I

ENE5 Feasibility study and carbon
emission calculations R I I A I

ENE6 Qualitative assessment of
design features R A I I I

ENE7 Specification of cold
storage equipment R I A I I

ENE8 Specifications of elevators R I A I I

ENE9 Specifications of escalators and
moving walks R I A I I

ENE26 On-site thermographic survey and air
permeability measurement R I I I I

R = responsible for the assessment activity; A = accountable for input information; C = consulted for design optimization; I = informed
about design and changes.

In general, the actors marked responsible lead the task of the credit assessment
and compliance verification. This is usually the BREEAM-NL expert appointed by the
client. They are responsible for the collection of the design data, evaluating the status
of compliance in accordance with the BREEAM-NL requirements and creating suitable
documentation to do the same. The expert (s) takes the lead role in the assessment process.
Starting from performing a quick scan to identify the target BREEAM-NL credits for a
project, the expert provides guidance and support throughout the design and construction
phases. The responsibility of verifying the compliance with BREEAM-NL requirements and
compiling the evidence report to support the same also lies with the expert. In general, the
information sources and the assessment tasks for each credit lie with different stakeholders
involved in a project.

The actors marked accountable are the authors of the design information such as the
mechanical, electrical, and plumbing (MEP) design details used for the EPC calculation
in ENE1 or information regarding the energy concept used for the assessment of the
credit ENE5. Therefore, the responsibility of providing accurate input parameters for
the assessments lies with them. As seen in the brief overview of input information for
each credit and the stakeholders responsible for it in Table 5, the primarily accountable
stakeholder for most of the energy assessments is the MEP design team. This is because the
credit requirements relate mainly to installations or light fixtures, and this information can
be found in MEP models or drawings. Whereas, the responsible party for the assessments
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is the BREEAM-NL expert in all cases. Few criteria in ENE1 and ENE6 relate to geometric
information, for which the architect will be accountable.

The actors marked consulted are not primarily involved in the assessment process but
rather provide inputs for design optimization in case of non-compliance. For example, to
gain a point for ENE 4, all outdoor lighting must be non-decorative. While the lighting
design is done by the MEP team, the architect is consulted in the process to ensure that the
lighting requirements aligns with the architectural design idea. Sustainability engineers, if
appointed for the project, are mainly consulted for credits dealing with energy consumption
or carbon reduction.

Additionally, the actors marked informed are not concerned with the design stage
assessment itself but the outcome of the assessment influences their scope of work. Such as,
the contractor is not a part of the design certification, but all the starting points used for the
assessments will be translated into a technical program of requirements for the construction
phase. Therefore, they are kept informed of the target credits, status of compliance, and
input parameters that cannot be changed during construction.

5.2. RACI-Based BIM Integration Impacts

Based on the RACI model presented in Table 5, besides the expert in the evaluation
process, architects and MEP designers are very important, as they are accountable for the
inputs used in the energy performance evaluation process for almost all the credits. These
are also the actors responsible for the creation of the BIM models and, therefore, have a key
role in a BIM-based evaluation process.

However, at this moment, the interview results have indicated that BIM is not be-
ing actively used for BREEAM-NL energy assessments in the case study organization
(A1–A3). The interviewees expressed that the link between BIM and energy assessments
for BREEAM-NL, in particular, is not known to the practitioners in the case study orga-
nization (A4). While the other departments of the organizations are making significant
progress in BIM adoption, this subject is not considered relevant to the energy team (A2,
A9). Knowledge about how many of the credit assessments can be automated and what
information must be requested from each stakeholder is not known (A1–A5).

Interestingly, in this case study organization, the players from the BREEAM-NL expert
team are not only open but rather enthusiastic about moving to a BIM-enabled partial
automatic workflow. They described their current scope of work as being dominated by
“administrative tasks” of gathering information from multiple stakeholders, whereas they
would rather spend that time on consultancy and advising the clients on how to make their
assets more energy efficient (A2, A3).

However, as seen in the RACI matrix, some resistance has also been observed and
is also logical from the design team members interviewed, as they will need more time
in preparing such information. They have expressed concerns over the increase in mod-
elling time to deliver BIM models that are suitable for automated assessments (A6, A7).
Time and budget constraints have been also pointed out as barriers that may prevent its
implementation in practice (A2).

Furthermore, it has also been observed from the documentation of BREEAM-NL
projects that while most of the projects handled by the BREEAM-NL team do have a BIM
execution plan (BEP), this document has not yet included the BREEAM-NL team as a rele-
vant stakeholder, nor has it described their requirements, deliverables, and responsibilities.
This is because BIM for sustainability assessments is not yet a commonly adopted strategy
in practice, and therefore, there is not sufficient guidance available to help execute the
same. The interviews have also revealed that the BIM models handed over by the design
teams are often not suitable for energy analysis. Due to poor interoperability between
BIM and BEM tools, the model has to be either cleaned or re-modelled before running
an energy simulation (A2, A5). This process is highly time consuming. Since dynamic
simulations are not mandatory, static methods are often used. However, even in this case,

79



Energies 2021, 14, 8225

all the information required for assessments is not present in the BIM models and is often
requested through email or other digital communication platforms (A4).

Therefore, to implement a BIM-enabled workflow for energy performance evaluation,
it is crucial to obtain these actors’ support and link the assessment team with them at
the beginning of the process with established guidelines on how to work together. These
findings also show that support from the client, contractual changes, and comprehensive
policy documents guiding the integration of BIM and sustainability assessments will be
needed for a successful implementation.

There has been also the question of to what extent the switch to a fully BIM-based
workflow is justified. Interviewees have pointed out that for critical or time-consuming
credits, the use of BIM has obvious advantages such as significant improvements in building
performance and efficiency of the design process, which would be welcomed by all the
project stakeholders. However, some interviewees have held the opinion that not all the
credits that can be automated using BIM need to be automated (A3, A7, A8). Credits
such as ENE8 or ENE9 relate to the use of energy-efficient transport equipment. It is
theoretically possible to include this information within BIM models and create rules
that can verify the compliance of a given model against them. However, the specific
requirements stated in the assessment guideline are numerous. The amount of effort that
goes into the creation of the automation infrastructure and information-rich models does
not outweigh the benefits in this case. It is also important to consider the current level
of BIM adoption in a team before proposing strategies for digitalization and automation
of assessments. Progress to higher BIM maturity can be met with resistance if it is not
approached in small incremental steps (A9, A10). Therefore, from a practical perspective,
it is lucrative to identify the most critical topics of energy evaluations for the switch to a
BIM-based approach. As a result, customized recommendations are given to the case study
organization based on their current practice status of BIM and BREEAM-NL assessment
for energy performance assessment.

6. Customized Recommendations

6.1. Energy Performance Evaluation with BIM—Starting Points

The extent to which BIM-based energy assessments are possible greatly depends
upon the BIM maturity stage [23,34] the project team operates at. The benefits offered by
BIM and integration with sustainability assessments increase with each stage [5,26]. As
can be seen from Table 5, most of the energy credits involve multiple stakeholders, and
therefore, real-time information exchange between these disciplinary models is required
for the automation of assessments for these credits. This is only possible at a higher BIM
stage. Whereas, for credits that have a single information source, it is possible to automate
the assessments at lower BIM stages provided that the disciplinary models are information
rich. Therefore, when approaching the automation of performance assessments for energy
efficiency and green certifications, it is important to consider the stakeholder in question
as well as the BIM maturity of the project. Furthermore, apart from the technological
infrastructure, it is also important to consider the expected change in working methodolo-
gies due to automation and the guidelines for ensuring a successful implementation, as
mentioned in Section 5.2.

The used case study organization acts as a BREEAM-NL consultant in multidisci-
plinary architecture, engineering, and construction (AEC) projects. It has been identified
that this team is currently in the nascent stages of BIM adoption (A9, A10). The organization
also specializes in mechanical, electrical, and plumbing (MEP) design, and the MEP team is
also in the same organization as most of the projects dealt with by the BREEAM-NL team.
Based on this information and the above-mentioned findings, the following recommenda-
tions are provided for the case study organization for the transition to BIM-enabled energy
performance assessments:
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• Identify target credits for automation: BIM offers varying levels of benefits depending
on the requirements of the evaluation criteria. Therefore, before investing time and
effort in developing software infrastructure for automating the assessment process,
it is recommended to identify the credits that have the greatest impacts on design
performance or are the most time-consuming ones. These credits will be taken further
for automation.

• Identify the accountable stakeholders for information related to these credits. Making
agreements on MEP-related information is relatively easier for this case, as it is an
internal department. For credits that involve information related to other disciplines,
these information requirements must be specified at the beginning of a project in the
BIM execution plan.

• Aligning the input requirements of the automation tools with the existing data ex-
change formats and workflows wherever possible would help lead to a smoother
adoption. Additionally, the organization should already start with developing guide-
lines on collaboration among teams.

6.2. Demonstration with One Selected Example Credit

This section follows the customized recommendations to the case study organization
and the desired credits to be automated based on the desk study and interviews.

According to the current BIM adoption level of the organization and the organizational
arrangement for the BREEAM-NL assessment process presented in the RACI matrix, ENE1,
ENE4, and ENE5 have been identified as the target credits to use the BIM-based automation
process. Of these three credits, ENE4 is chosen for the demonstration, as this one only
requires MEP-related information, and in this organization, MEP designers are in the
same team as the BREEAM-NL assessment members. This credit aims to promote the use
of energy-efficient lighting fixtures in the exterior areas. The BREEAM-NL assessment
guideline specifies three criteria for this credit:

• The luminous flux from the luminaires must be more than 65 lumen/watt and the
maximum allowable specific power per lux illumination is 0.1 W (lux/m2).

• Decorative or mood lighting with a non-renewable energy source is not allowed.
• Light fixtures must be equipped with automatic switching or dimming features.

An Autodesk REVIT-based plugin has been developed using REVIT API 2021 to
automate the assessment for this credit using BIM data. Since no existing BIM tool has the
BREEAM-NL requirements integrated in it, a platform that allows for the development
of a custom plugin was needed, which is offered by REVIT API. This is also the software
commonly used by both BREEAM-NL and MEP design teams (A7–A10) and, therefore, is
considered the suitable choice for the practical implementation. The algorithm has made
use of two built-in REVIT parameters namely luminous flux and wattage. In addition to
this, three custom parameters have been defined for the lighting fixture family, namely
exterior lighting, sensor connection, and mood lighting, as shown in Table 6. The lighting
fixtures belonging to a zone have been grouped. Subsequently, spaces have been created
matching the lighting group names. A custom parameter for spaces with the name “target
illuminance” has been defined.

Table 6. Parameters used in REVIT ENE4 plugin.

Parameter Name Parameter Type Category Value Type

Luminous flux Built in Lighting fixtures Integer

Wattage Built in Lighting fixtures Integer

Exterior lighting Custom defined Lighting fixtures Y/N

Mood lighting Custom defined Lighting fixtures Y/N

Sensor connection Custom defined Lighting fixtures Y/N

Target illuminance (In Lux) Custom defined Spaces Integer
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The sequence of steps and decision gates used in the plugin is shown in Figure 3.

 

Figure 3. ENE4 plugin flowchart.

The plugin first filters through all the lighting fixtures present in the file using the
parameter “exterior lighting”. Then, the values given for luminous flux, mood lighting,
and sensor connection are collected. Following this, specific power per lux calculation is
performed for each lighting group using the properties of lighting fixtures and the area
and target illuminance values of the associated space. Finally, if all the three BREEAM-NL
criteria are met, the plugin provides a score of 1 point along with a report generated
in CSV format.

The plugin has been tested on a sample REVIT model for the validity of the results
(see Table 7 and Figure 4). The underlined parts indicate the not qualified criteria in the
assessment. The algorithm displays a brief overview of the results in the task dialogue,
and a detailed report is exported to a predefined location. This report can be used for
documentation for evidence submission.

Table 7. Report generated by the plugin.

Group Fixture Name
Mood

Lighting
Sensor

Connection
Luminous

Flux
Watt

Light
Number

Total
Power

Area
Target

Illuminance
Power Per

Lux

Outdoor Zone 1 400-watt Halogen 2 Yes 1 No 2 4500 250 2 500

Outdoor Zone 1 38 25 0.5263158

Outdoor Zone 2 Street Light-Sgl No Yes 5005 278 7 1946

Outdoor Zone 2 400-watt Halogen 2 Yes 1 No 2 4500 250 1 250

Outdoor Zone 2 64 13 2.639.423 3

1 Outdoor lighting for decorative purposes leads to non-compliance and a score of 0. 2 Lack of automatic dimming or switching option
leads to energy wastage and therefore is non-compliant with the credit requirements. Leads to a score of 0. 3 The maximum allowable
specific power per lux illumination is 0.1 W (lux/m2), and any value above this leads to a score of 0.
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Figure 4. Screenshot of plugin results.

The results have been compared with the ones obtained through manual assessment
methods. The reason for not using a real case study is that none of the existing models
contained the information required for assessments. From the interviews, it has been found
that it takes about 4 h for the BREEAM-NL team each time the assessment has to be made.
Provided that the required information is in the BIM Models, this time can be reduced to
just ten seconds, and the assessments can be made at any point in the design process.

7. Conclusions and Discussion

To accelerate building energy retrofits in the Netherlands, this study explores the
potential of using BIM for automating energy performance evaluation for BREEAM-NL cer-
tification. The study used a case study organization to better understand the complexities
of the assessment process and challenges faced in the industry concerning the application
of BIM for building energy retrofitting evaluation.

This study combines literature review and practice research using semi-structured
interviews to understand first the current workflow for BREEAM-NL energy assessment
for the building retrofit process, and then, map this process with the BIM uses to identify
possibilities for automation. A RACI matrix is developed to map different actors involved
in the process, and potential impacts on actors involved are presented if automating energy
credits evaluation will be implemented.

Based on the context in the case study organization and the BIM maturity of the
sustainability team in the case study organization, customized recommendations are
proposed for the implementation of BIM-based energy evaluations. It has been identified
that in the context of the case study organization, which specializes in sustainability
and MEP design consultancy, targeting ENE1, ENE4, and ENE5 credits for BIM-based
automation is the most lucrative. A plugin is developed to demonstrate the automation
process for the one identified example energy credit, and experts are used to validate the
approach. The demonstration has revealed that the BIM-based automation can save a
significant amount of time in the assessment process and can also improve the designs by
providing an option of performance evaluation at any point in the design process.

The novelty of this study lies in the following aspects:
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• Providing an overview for BIM-enabled automation potential for different energy
credits in the BREEAM-NL assessment based on literature and practical interviews;

• Linking the changes in workflow due to BIM integration with the actors involved to
identify potential impacts for each actor in different aspects;

• Offering a customized strategy to facilitate the implementation of BIM-based evalua-
tions based on the contextual findings from the case study organization.

In countries such as the Netherlands, where a major chunk of the existing building
stock is over 50 years old, renovation and retrofitting projects are becoming very essential to
meet the energy requirements of the future. The benefits of using BIM on the sustainability
performance evaluation of a building have been extensively discussed in the literature.
BIM is known to improve the design process by allowing for a simultaneous evaluation of
its performance and alternate solutions. However, the status of BIM-based sustainability
and energy efficiency assessments as noticed in this case study team is lagging. BIM-based
energy efficiency or sustainability evaluations for green certifications are not recognized
as a common BIM use in the industry. This is reflected in the BIM execution plans, where
neither the relevant BIM uses are identified nor the certification experts listed as relevant
stakeholders. Based on the literature review, for the credits in the energy category of
BREEAM-NL, intelligent data gathering through quantity take-offs, scheduling, perfor-
mance analyses, and code compliance verification are the possible BIM uses. However, in
practice, BIM models are being merely used as design references.

The findings of this study show that one of the primary reasons for this gap is the
multidisciplinary nature of BREEAM-NL certification projects. Digitalization requires a
considerable amount of preparatory efforts as it is, but even more so in the context of the
transformation of intra-organizational processes. Development of automation infrastruc-
ture or digitalization strategies must bear this in mind. At an inter-organizational level, the
transition to a BIM-based assessment process can be approached by identifying the credits
that are most critical and relevant for the disciplinary specialization of the organization.
The data requirements for automated assessments must be communicated to project stake-
holders at the beginning of the design process. The automation process depends largely on
the BIM maturity level of an organization, and therefore, context-specific strategies need to
be taken. The process followed in this study can be used for other organizations to analyze
their BIM possibilities and design digital transition strategies accordingly.

There are several limitations of this research that requires further exploration. First,
the scope of the study is limited to design-phase assessments for BREEAM-NL certification.
Further study can extend to other phases and see how to link lifecycle asset management
to BIM use in energy performance evaluations. Second, this study builds on the hypothesis
of the availability of a BIM model of the existing asset. The focus of the study lies in
the applicability of BIM data for further analysis of building performance, and therefore,
the process of data acquisition is not focused upon. For the existing building stock, not
a lot of BIM models exist. A potential research direction could be integrating scan to
BIM technologies and using voxelized geometries to automate building model processing
process and generating suitable formats for BEM tools. Third, real projects are probably
more complicated, which needs further research and validation to evaluate the efficiency
gains with such a BIM-enabled automation process. Other types of categories in the
BREEAM-NL assessment could be automated as well, and the overall efficiency gains
could be calculated. Fourth, a holistic evaluation framework for stakeholders’ involved
could be developed to make better business decisions based on the data gathered such as
efficiency gains and cost–benefit analysis. Fifth, as indicated in Section 5.2, the starting
points for an organization to transit toward a BIM-based assessment process depends
not only on technology readiness but also on the organizational business process and
people involved. Therefore, a BIM maturity matrix that combines process, technology, and
people aspects can be developed for different organizations to evaluate their BIM status
and further design their digitalization strategies for not only BREEAM-NL but also other
certification systems.
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Abstract: The levelized cost of heat (LCOH) and the technical feasibility in the specific context of
building construction or renovation are the major drivers of users’ choices for space heating and
cooling solutions. In this work, the LCOH was assessed for the most diffused heating technologies in
Piedmont (NW Italy): that is, fossil fuels (methane, heating oil and liquefied petroleum gas—LPG),
wood biomass (wood logs and pellet) and heat pumps (air-source and ground-source), both in
heating-only and in a heating and cooling configuration. A sensitivity analysis of the main LCOH
drivers was performed to assess whether and how each technology is vulnerable to energy price
and upfront cost changes. The results show that heat pumps are competitive against gas boilers, but
they are heavily dependent on refurbishment incentives and penalized by the high electricity prices
in Italy; on the other hand, wood biomasses are competitive even in the absence of incentives. The
analysis confirmed that LPG and heating oil are no more competitive with renewable heating. Acting
on the taxation of natural gas and electricity is key to making heat pumps the most economically
convenient solution to cover the heating and cooling needs of buildings.

Keywords: LCOH; life-cycle cost; heating; cooling; heat pump; fossil fuel; biomass; greenhouse gas

1. Introduction

In July 2021, the European Union adopted a challenging plan for cutting emissions,
called “Fit for 55”, as part of the European Green Deal [1]. “Fit for 55” aims to reduce
greenhouse gas (GHG) emissions by at least 55% by 2030, compared to 1990 levels, as a step
towards becoming the first climate-neutral continent by 2050. The foreseen measures are
the consolidation of already existing systems, such as the EU Emissions Trading System [2],
brand new mechanisms, such as the Carbon Border Adjustment Mechanism [3], and energy
efficiency policies, combined with a significant increase in production from renewable
energy sources (RES). The new Renewable Energy Directive (RED 2) increased the target of
RES share in 2030 from 32% (as set in 2018 by the RED) to 40% [4]. Moreover, the Energy
Efficiency Directive set a 39% reduction in primary energy consumption compared to 1990
through increasing efficiency. Therefore, RES are a cornerstone of European climate policies,
and the EU population is aware of their importance. However, citizens see energy prices
and their stability as a source of concern and, despite the fact that RES often outperform
fossil fuels in the production of electricity in terms of the levelized cost of energy (LCOE) [5],
the high initial investment required hinders the diffusion of renewables. The LCOE and its
heat counterpart, the LCOH (levelized cost of heat), are widely used indicators of energy
costs based on operational expenditure and initial investment, distributing the cost over
the lifetime energy production with a discounting method [6]. The initial investment
required to produce electricity from RES has decreased at a much faster pace than that
for fossil fuels-based power production. For example, the LCOE of utility-scale solar
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photovoltaics decreased by 89% from 2009 to 2019, compared to a 33% reduction observed
for gas combined cycle turbines in the same period [7,8]. Such a significant cost reduction is
related to the “learning curve” of renewables, i.e., an effect of increasing installations [7,9],
and this effect is therefore likely to continue in the future.

While the economic viability of electrical RES is acknowledged, this does not always
apply to thermal RES for space heating and domestic hot water (DHW) production [10].
The studies available in the literature are fewer compared to those on power production.
Doračić et al. (2018, 2020) presented the concept of the levelized cost of excess heat to assess
the economic viability of recovering waste heat to supply a district heating network and
tested it in the Croatian city of Ozalj [11,12]. Li et al. (2019) used the LCOH to find the
optimal combination of CHP, biomass, and bio-oil boilers [13]. Vivian et al. (2018) evalu-
ated the LCOH of booster heat pumps to be installed as substations in low-temperature
district heating networks (15 ◦C to 45 ◦C) [14]. The economic analysis highlighted that
this solution is already competitive with natural gas boilers if the low-temperature heat
source is sufficiently cheap. The results of cost comparisons between technologies are often
country-dependent, e.g., in the United Kingdom (UK), the LCOH of a gas boiler is lower
than both an air-source (ASHP) and ground-source heat pump (GSHP) [15–17], whereas
the opposite occurs in France [18], although the countries have a similar climate [19]. As
pointed out by the European Heat Pump Association [20], the ratio between the unit cost
of electricity and gas is critical for heat pump diffusion: the lower this ratio is, the easier it
is for heat pumps to penetrate the market. Indeed, based on Eurostat data as of 2020 [21],
this ratio is equal to 2.63 in France and 4.63 in the UK.

Although they are not always the most economically convenient solution, heat pumps
are expected to play a relevant role in the energy transition. For instance, the Italian
Integrated National Energy and Climate Plan (INECP) aims to reach 5.7 Mtoe of heat pump
heat production by 2030, i.e., 12.8% of the heating demand compared to the current 4.7%
(2.65 Mtoe) [22]. This choice is due to several reasons, including: (i) the wide range of
applications of heat pumps in existing buildings, (ii) the absence of any pollutant emissions
on site, which makes them suitable for urban areas, and (iii) their possible role as a flexible
regulator of the electrical grid [23–25]. The economic convenience of heat pumps, however,
is key to achieving the expected growth of this technology. As well as the above-described
cost ratio between electricity and gas, the other key factor is the presence of incentives.
As pointed out in several studies, the most effective way to boost the energy efficiency of
buildings is represented by incentives and standards and, in particular, by performance-
based incentives [26–28], whereas informative campaigns are hardly effective. Fewer
studies are available on the effect of such policies on the adoption of renewable heating
technologies; however, a similar effect of incentives is expected since, in both cases, they
increase the economic viability of the targeted interventions.

The studies presented above provide insights into the economic viability of heating
and cooling technologies. However, a recent and comprehensive comparison is missing,
especially for detached houses and blocks of flats, since the few articles addressing LCOH
generally deal with district heating or, when dealing with individual plants, they consider
a few heating and/or cooling technologies (e.g., the aforementioned studies on heat pumps
vs. gas boilers). This study aims to fill this gap and focuses on the technical feasibility
and the economic viability of fossil fuels (methane, heating oil and LPG), wood biomass
(logs and pellet) and heat pumps (aerothermal and geothermal) for the heating, cooling
and DHW supply in the context of the refurbishment of existing buildings. In the case of
heat pump, a photovoltaic (PV) system was included in the analysis and sized to meet
the electrical demand of the heat pump. Existing buildings were chosen because, due to
the slow renewal rate of building stock [29], they are the key to the decarbonization of the
housing sector. The renovation was assumed to be realized on a single detached house and
an apartment block, which are the most widespread types of buildings in Northern Italy
and, especially, in Piedmont [30–32]. Two settlements representing the typical climates of
the Piedmont Region, Turin and Oulx (temperate and cold continental climate, respectively),
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are the selected spots where model buildings are located. Our analysis included the analysis
of the impact of incentives on the LCOH values of each technology, as well as the effect of
considering or not the space cooling demand in the calculation of the LCOH. In addition,
a sensitivity analysis was performed to evaluate the impact of variable parameters, i.e.,
the unit costs of energy, the installation costs of the main components and the interest rate
used for discounting. This sensitivity analysis permits extending the validity of results for
territories other than Piedmont (NW Italy) but with a comparable climate.

The paper is structured as follows. Section 2 describes the methodology adopted, i.e.,
the selection of representative case studies, the assessment of the energy demand of the
buildings in different climatic conditions, the sizing of the heating and cooling systems
with different techniques, and the estimation of the installation and operational costs.
Section 3 presents the results, focusing on life-cycle costs and their sensitivity to possible
future changes in the most influential parameters. Section 4 reports a discussion with
a comparison of the results with other studies and with some insights on the diffusion
of renewable heating technologies. Conclusions and policy implications are reported in
Section 5.

2. Methods

The economic analysis conducted in this article is based on the thermal needs simu-
lated for two benchmark buildings, namely a single detached house and an apartment block
of 10 flats. The energy simulation of benchmark buildings and the estimation of the related
thermal needs (heating, cooling and DHW) are discussed in Section 2.1. Thermal needs
were used as the input for the plant sizing and the assessment of fuel demand (Section 2.2),
which are, respectively, the input for estimating the initial investment (Section 2.3) and
operating costs (Section 2.4). The levelized cost of heat (LCOH) was chosen as the indicator
to identify the most economically convenient technologies, and the estimation method is
described in Section 2.5.

The boundaries of all the economic analyses are represented by the heating, DHW and
cooling systems (if any), plus the possible replacement of heating/cooling terminals. The
interventions on the building envelope were not considered because this analysis aims to
assess, case-by-case, the economic viability of heating and cooling technologies with the
aim of supporting policies for RES-based technologies.

2.1. Benchmark Buildings and Thermal Needs Assessment
2.1.1. Choice of Representative Buildings and Locations

The techno-economic analysis was based on two representative buildings with con-
structive characteristics, chosen according to a review of studies on the building stock
in Italy and, especially, Piedmont (NW Italy). Two EU-funded projects, TABULA and
EPISCOPE [30,31], provide detailed datasets on residential buildings of different ages [32].
According to these references, 35% of buildings in Piedmont were built in the 1960s and the
1970s, and only 18% later on. For this reason, a single detached house and a small block
of flats (10 apartments) with building envelope characteristics typical of the 1970s were
selected as benchmarks for our study. According to TABULA and EPISCOPE [30,31], these
benchmark buildings are the most representative types in Piedmont from the point of view
of both structural and envelope thermal characteristics. The assigned thermal transmittance
values (hereby, U-values, Wm−2K−1) of different elements of the building envelope are
reported in Table 1 and compared with current legislative requirements [33], which are
aimed at reducing the heating loads and, thus, at saving energy.
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Table 1. Thermal transmittance (U-value, Wm−2K−1) of the benchmark buildings of this study, based
on the TABULA/EPISCOPE databases [30,31], along with the current legislative requirements [33]
considered for the simulation of fully refurbished buildings.

Component Original U-Value Climatic Zone Required U-Value

Upper roof 1.65
E 0.20
F 0.19

Lower floor 1.30
E 0.25
F 0.23

Perimetral walls 1.26
E 0.23
F 0.22

Windows 2.8
E 1.30
F 1.00

Two types of refurbishments were hypothesized for these two buildings: a partial
renovation, i.e., replacing only windows and the HVAC system, and a complete renovation
of the building envelope, i.e., including an external insulation coating of external walls.
Both these interventions are eligible for tax deductions, but they must comply with the
legislative requirements on the transmittance of building envelope elements (U-values
reported in Table 1). The partial renovation is performed, for example, on buildings where
interventions on external walls are not possible due to architectural or technical constraints.
On the other hand, a complete renovation makes old buildings almost as well-insulated as
brand-new ones due to the very demanding Italian legislative requirements, and, as shown
later, this results in a significant difference in thermal needs. Legislative requirements
in Table 1, which are given by the regulation on the eligibility of building refurbishment
interventions for tax deductions [33], show slightly different U-values depending on the
climatic zones set by the Italian DPR 412/93 [34]. The whole territory of Piedmont falls
into the two coldest zones if Italy, namely “E” and “F”. For this reason, two representative
climate data sets were chosen: the capital Turin (temperate continental climate) and the
mountain village of Oulx (cold continental climate); based on the Italian norms, the heating
degree-days (HDD) are, respectively, 2617 and 4100, calculated with a reference indoor
temperature of 20 ◦C.

Figures 1 and 2 report the plan view of the benchmark buildings analyzed. They are
modelled based on the geometrical construction characteristics of buildings suggested
by the projects TABULA and EPISCOPE [30]. In more detail, the reference states that an
average single detached house from the 1970s has a net floor area of 156 m2 and a typical
small apartment block of 10 housing units has an overall floor area of 934 m2 (i.e., 187 m2

per floor). The shape factors (surface over volume ratio) are S/V = 0.73 and S/V = 0.54,
respectively. The higher the S/V value, the higher the impact of the transmittance of the
building external envelope. For this reason, the thermal needs per m2 of the apartment
block (which has a more compact shape) are expected to be lower than those of the single
detached house, being insulation equal. Each apartment is considered a singular thermal
zone; therefore, the layout of the internal walls (Figure 2) does not affect the computation
of thermal needs.
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Figure 1. Plan views of the benchmark single detached house (dimensions in cm).

Figure 2. Plan views of one storey of the benchmark apartment block (dimensions in cm).

2.1.2. Assessment of Thermal Needs

The thermal needs (heating, cooling, DHW) of the two benchmark buildings were as-
sessed considering three different levels of insulation (original building, partial renovation,
total renovation of the building envelope) and two climatic conditions (Torino and Oulx).
Therefore, 12 energy simulations were performed using the computer suite developed
by ANIT [35], and they are hereby indicated as scenarios S01–S12. The ANIT package
consists of several programs, among which the main one is called LETO. LETO is based
on the Italian standard series UNI/TS 11300 [36], i.e., the national implementation of the
international standard ISO 13790:2008 [37] and successive/related norms. The UNI/TS
11300 is prescribed by Italian law for the energy certification of every new built, refurbished,
sold, or rented housing unit or building. The calculation of thermal losses from the building
envelope uses monthly mean outdoor temperatures, whereas the peak thermal loads are
calculated steady state using the design temperatures (minimum for heating, maximum
for cooling) prescribed by the related norm UNI 10349:2016 [38]. Part 4 of the UNI/TS
11300 [36] prescribes the use of the temperature bin method to calculate the COP and EER
of heat pumps and air conditioners.
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Table 2 reports the yearly heating and cooling needs calculated with the software LETO
for the 12 scenarios. The results of the energy simulations show that a reduction of 9–12%
in heating loads is achieved with a partial renovation; instead, a more substantial reduction
(73–85%) is obtained with a refurbishment of the whole envelope. Climate conditions also
have an influential role, as the heating needs in Oulx are up to 58% higher than those in
Turin. As expected, this percentage is in line with the difference in heating degree-days
according to DPR 412/93 [34] (+56.7% in Oulx, i.e., 4100 vs. 2617), with direct consequences
in the monthly energy demand (see Section 2.1 of the Supplementary Materials). On the
other hand, the improvement in the building thermal insulation results in an increase in
cooling needs up to +146% in the case of a total renovation of the envelope. Cooling needs
are typically low in Piedmont and, not surprisingly, only 13.3% of residential buildings in
this region currently have a cooling system installed [39]. Hence, our analysis first focused
only on heating and DHW. Cooling loads were subsequently included, and the analysis
was limited to the completely renovated buildings (S09–12) since, as shown in Table 2, they
are the only ones where cooling demand is relevant.

Table 2. Heating and cooling demand (MWh/year) and, between brackets and in italics, the demand
per unit heated/cooled area (kWh/m2/year) of the modelled buildings.

Model Building Location
Original Building Partial Renovation Complete Renovation

# Heating Cooling # Heating Cooling # Heating Cooling

Single detached
house

Turin S01 29.05
(186.22)

0.87
(5.58) S05 26.42

(169.36)
0.83

(5.32) S09 7.85
(50.32)

2.34
(15.00)

Oulx S02 42.61
(273.14)

0.00
(0.00) S06 38.62

(247.56)
0.00

(0.00) S10 10.96
(70.26)

0.51
(3.27)

Apartment block Turin S03 115.37
(123.52)

12.32
(13.19) S07 101.25

(108.40)
12.53

(13.42) S11 17.03
(18.23)

24.81
(26.56)

Oulx S04 172.89
(185.11)

0.68
(0.73) S08 152.35

(163.12)
0.89

(0.95) S12 26.91
(28.81)

13.14
(14.07)

2.2. Heating and Cooling Plant Sizing

Thermal needs calculated in the different buildings and climate conditions are the
input for the sizing of heating, cooling and DHW production plants. Seven technologies
were considered for the heating and DHW production system: a condensing boiler powered
by fossil fuels (natural gas, LPG, or diesel oil) or wood biomass (wood log or pellet), and two
types of heat pumps (air source and ground source). Heat pumps can cover every thermal
need with a unique system; on the other hand, split air-source chillers were assumed to
provide cooling in cases where fossil fuel and wood biomass boilers were installed for
heating and DHW production.

The size of every heating and cooling generator was determined based on the maxi-
mum thermal loads resulting from simulations. In particular, the peak load is calculated in
steady state, imposing a design temperature calculated by the software LETO using the
standard UNI 10,349:2016 [38]. The resulting design temperatures for heating are −8 ◦C for
Turin (scenarios S01, S03, S05, S07, S09, S11) and −12.84 ◦C for Oulx (scenarios S02, S04,
S06, S08, S10, S12).

Although the peak heating power requested was lower, such as in the well-insulated
case studies, the minimum capacity considered for fossil fuel and biomass boilers was about
30 kW (with slight differences depending on the brand and model) as it is the entry-level
power for most manufacturers and it permits production of DHW on demand (i.e., without
storage tank). On the other hand, the heat pump units were sized according to the effective
values of peak heating and cooling demand.

For ground-source heat pumps, it is necessary to size the Borehole Heat Exchangers
(BHEs) as well. For this purpose, the software Earth Energy Designer (EED) [40] was
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used, which is based on the Eskilson subsurface heat transport model [41]. Three different
values of ground thermal conductivity (low: 1.6 Wm−1K−1, medium: 2.4 Wm−1K−1, high:
3.2 Wm−1K−1) were hypothesized to cover the range of most likely values [42]. A minimum
operating temperature was set to −3 ◦C, assuming that the BHE runs with propylene glycol
25% vol. (freezing point: −10 ◦C) as a heat carrier fluid [43]. Supplementary Materials
(Section 2.3) report further details on the sizing procedure and results. In Supplementary
Materials Section S.2.3, the area occupied by the BHE field is reported as well, and this is a
key figure to assess the feasibility of the shallow geothermal solution, especially in urban
areas.

The benchmark buildings considered in our analysis use radiators as heating terminals.
When a heat pump was hypothesized, we assessed whether existing radiators could cover
the peak heating demand with an operating temperature reduced from the typical value
used for boilers (average inlet–outlet 70 ◦C) to a lower value (inlet at 45 ◦C) suitable for
single-stage heat pumps. The thermal power provided by a radiator is described by the
relation

P(ΔT) = a · ΔT1.3 (1)

where a (W·K−1.3) is a constant that depends on the radiator size and ΔT (K) is the temper-
ature difference between the average water temperature in the radiator and the ambient
temperature (set to 20 ◦C). The nominal power of radiators Pnom is provided for ΔT = 50 ◦C,
i.e., for an average radiator temperature of 70 ◦C. The maximum delivery temperature for
radiators working with heat pumps was set in this study to 45 ◦C (with the return at 40 ◦C)
to guarantee a sufficient coefficient of performance (COP). At this operating temperature,
the thermal power delivered by the radiator is

P(ΔT) = Pnom·
(

ΔT
50

)1.3
(2)

Therefore, with the maximum delivery and return temperatures considered (45 ◦C
and 40◦, respectively, i.e., ΔT = 22.5 ◦C), the nominal thermal power of radiators that is
needed to cover the peak demand Pmax is

Pnom =

(
50

22.5

)1.3
·Pmax = 2.824·Pmax (3)

For each scenario, we checked if the nominal power installed was sufficient to cover
the peak thermal demand and, if not, the radiators were replaced with larger ones, and
their cost was considered in the economic analysis (see Section 2.3). More details on the
sizing of radiators are reported in the Supplementary Materials (Section S2.2).

Of course, radiators cannot provide cooling. Therefore, when the cooling demand was
included in the analysis, the existing radiators were replaced with fan coils (and their cost
accounted in the LCOH calculations) in the cases of air-source and ground-source heat
pumps. In the case of fossil fuel and biomass boilers, additional mono-split air conditioners
were installed in each room to provide this service. The size of air conditioners is based on
the peak cooling needs derived from the energy simulations.

Coupling a heat pump with radiators needs thermal storage since the working tem-
perature difference of a heat pump is usually equal to 5 ◦C, whereas radiators operate with
larger temperature differences (10–20 ◦C). The thermal storage tank was sized equal to
20 L per kW of heat pump nominal power (see Supplementary Materials, Section S2.2).
In addition, hot water storage (200 L/apartment, considering four residents) is required
because DHW heat pumps are not sized to produce hot water instantaneously in the same
way as a boiler.

Finally, photovoltaic (PV) panels were sized considering only the actual electricity
yearly demand of the thermal plant and not the consumption related to other components,
such as electrical appliances. Therefore, PV panels were not simulated in the case of boilers
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because they require a small amount of electricity just for the ignition and the control
systems. Concerning heat pumps and additional split systems, PV panels were instead
sized according to both the energy demand and the legislative requirements. In particular,
the Legislative Decree 28/2011 imposes a minimum PV power of 1 kW installed per each
50 m2 of plan view footprint of the building [44]. Therefore, the installed capacity to cope
with this requirement is 3.6 kW for the detached house and 4.3 kW for the block of flats.
The PV plants were sized according to these thresholds, i.e., to provide at 3.6 kW or 4.3 kW,
respectively, for the detached house and the block of apartments. Further details on PV
system sizing are reported in Section S2.4 of the Supplementary Materials.

2.3. Estimation of the Initial Investment

The initial investment for the energy refurbishment of buildings was estimated consid-
ering only the equipment for heating, cooling and DHW production, without accounting
for the other cost items that are equal for all technological configurations assumed. For this
reason, the study did not include the expenditure for the (partial or complete) refurbish-
ment of the building envelope. Instead, the cost items considered are the procurement and
the installation of the heating, cooling and DHW supply systems, PV panels and, when
required, the replacement of radiators.

Each thermal plant required a different approach in determining its price despite using
similar references, such as market surveys and catalogues from manufacturers. Only two
models of boilers were chosen: a small-capacity one (below 35 kW) for the single detached
house (scenarios S05, S06, S09, S10) and all the deeply refurbished block of apartments
(scenarios S11, S12), and a more powerful boiler (65–70 kW) for the block of apartments
that underwent a partial refurbishment (scenarios S07, S08). The reason lies in the small
dependence of boiler price on thermal power, as the data in Table 3 show.

Table 3. Boilers unitary prices considering heater, accessories, and installation cost (excluding VAT)
[45–50].

Typology Cost (<35 kW) Cost (65–70 kW)

Gas boiler EUR 6860 EUR 9255
LPG boiler EUR 6860 EUR 9255
Oil boiler EUR 7175 EUR 9255

Wood logs boiler EUR 7015 EUR 9270
Pellet boiler EUR 7015 EUR 9270

On the other hand, the price of heat pumps strongly depends on their capacity, and a
typical approach adopted in the literature is therefore to calibrate a power–cost correlation
based on known values [51,52]. As shown in Figure 3, two correlations can be found
between the thermal power P (kW) and the cost C (EUR) for air-source and ground-source
heat pumps, respectively

CASHP = 1168 · P0.8364 with P < 1 MW (4)

CGSHP = 2485 · P0.6094 with P < 1.7 MW (5)

Finally, a linear capacity–cost correlation was found for mono-split air conditioners,
based on the regional price list [53]

CMono split = 82.70 + 361.49 · P with P < 7 kW (6)
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Figure 3. Correlations between capacity and cost for air- and ground-source heat pumps (elaboration
from Refs. [54,55]).

The drilling and installation cost of BHEs was set to 50 EUR/m, VAT excluded, based
on personal communications from Italian practitioners. This value lies in the range of other
literature sources, such as references [56,57].

As for the purchase and installation costs of the PV plant, the price of PV panels is
750 EUR/kW, and the price of a single-phase inverter (5 kW) is EUR 980. The installation
cost was estimated at 148.58 EUR/m2, based on regional price lists. Considering that PV
panels occupy 5.45 m2/kW, the purchase and installation of PV panels imply a total cost of
1755 EUR/kW (excluding value-added tax—VAT).

In the cases where radiators needed to be replaced, steel radiators were considered,
with a cost of 130 EUR/kW of nominal power (Pnom) calculated with Equation (3).

As mentioned above, the replacement of radiators with fan coils was hypothesized
only if cooling was considered. A linear correlation of their cost with the heating capacity
(valid from 0 kW to 17 kW) was found

CFan coil = 132.19 + 32.73 · P for P < 17 kW (7)

In this case, the reference temperature for thermal power is 45 ◦C in heating mode
and 7 ◦C in cooling mode. These temperatures were assumed as the working points in the
energy simulations.

2.4. Estimation of Operation and Maintenance Costs

The operational costs were assessed by estimating the quantity of fuel (for boilers) and
electricity from the grid (for heat pumps) needed to cover the heating and cooling demand
(if any), adopting the unit costs available in the literature.

The maintenance costs were set considering the different actions that needed to be
periodically taken, depending on the technology, and assigning the costs of such actions
based on a market inquiry.

2.4.1. Purchase of Fuel and Electricity

The fuel costs for the different boilers considered in this study were calculated con-
sidering the unit costs reported in Table 4, which were derived from European and local
surveys [21,58,59].

95



Energies 2022, 15, 2375

Table 4. Unit prices of energy sources.

Energy Source Value Unit
Validity Range

Reference
Min Max Unit

Natural gas for
household
consumers

148 EUR/MWh - 6 MWh
[21]93 EUR/MWh 6 56 MWh

74 EUR/MWh 56 - MWh

Diesel oil
1.34 EUR/l - - -

[58]135 EUR/MWh - - -

LPG (tank on
loan)

1.53 EUR/l - - -
[58]230 EUR/MWh - - -

Wood logs 150 EUR/ton - - -
[58]41 EUR/MWh - - -

Pellet (15 kg
bags)

290 EUR/ton - - -
[58]58 EUR/MWh - - -

Electricity for
household
consumers

252 EUR/MWh 1 2.5 MWh

[21]
234 EUR/MWh 2.5 5 MWh
232 EUR/MWh 5 15 MWh
225 EUR/MWh 15 - MWh

National price of
electricity with
on-site power

exchange

67 EUR/MWh - - - [59]

The fuel demand (FDh) for boilers was calculated using the heating demand (Qh) re-
sulting from the energy simulations (Sections 2.1 and 2.2) and hypothesizing fixed efficiency
values for heat generation, distribution, regulation, and emission.

FDh =
Qh

η·LHV
(8)

where Qh (kWh/year) is the heating demand, η (dimensionless) is the efficiency of the
boiler and LHV is the lower heating value of the fuel (kWh/m3 for gas, kWh/L for LPG
and heating oil, and kWh/kg for wood logs and pellet).

The electricity demand (EDh) for the heat pump in heating mode was derived with
the following formula

EDh =
Qh

COP
(9)

where the coefficient of performance (COP) was calculated referring to catalogues including
several combinations of source and supply temperatures [60]. These input data allowed
developing COP maps such as those shown for ground-source (Figure 4A) and air-source
(Figure 4B) heat pumps. As for the air-source type, Figure 4B shows COP values at full and
50% of nominal power. This representation highlights the positive effect of the inverter on
the heat pump performance. In the coldest climate zone (Oulx), only the use of an inverter
driven ASHP allows the minimum Seasonal Performance Factor value (SPF = 2.243) set
by the Italian legislation to be coped with in order to consider the heat pump a renewable
heat source. The nominal power of the ASHP is always greater than for the GSHP due to
the need to ensure a sufficient thermal power and COP, both of them diminishing as the
outdoor temperature diminishes. The difference, for each scenario, between the nominal
power of the ASHP and GSHP is moderate in the detached house cases, whereas this
relative difference can be as high as 45% for the larger capacities needed by the block of flats
(i.e., above 40 kW). The reason is that the minimum size of ASHPs available on the market
often exceeds the maximum thermal power needed by the detached house configurations.
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Figure 4. Examples of COP maps of heat pumps (own elaboration with data from [60]): (A) GSHP,
nominal power 40.3 kW; (B) ASHP, nominal power 78.6 kW at full power (black full lines + gradient
map) and at 50% power (orange dot lines).

Maps like those reported in Figure 4 were developed for the energy efficiency ratio
(EER) and the electrical demand (EDc) to cover the cooling demand Qc was calculated
with the following formula

EDc =
Qc

EER
(10)

Both the values of COP in Equation (9) and of EER in Equation (10) are calculated
using the air temperature bins in the case of the use of an ASHP and split air conditioners,
or the monthly average fluid temperatures calculated with the software EED (see Section 2.3
and, in the Supplementary Materials, Section S2.3), in the case where a GSHP is adopted.

2.4.2. PV Systems and On-Site Exchange

In the case of heat pump and when installing additional splits for cooling, a PV system
covers the electrical demand to reduce operational costs as much as possible. Each nominal
kW installed was assumed to produce 1.1 MWh/year, i.e., a cautious hypothesis for a PV
system installed in Piedmont.

The annual electricity expenditure was estimated considering the adoption of the
“on-site exchange” mechanism managed by the national energy services authority [61].
With this mechanism, the self-consumed energy is free-of-charge, whereas that drawn from
the grid is paid at the conventional fare (see Table 4). Finally, the amount delivered to
the grid is paid by GSE at lower rates (from 90 EUR/MWh to 150 EUR/MWh) than those
reported in Table 4 since taxes and invoices are not paid back. The rate for each case study
was calculated according to the national guidelines [61].

The on-site exchange mechanism rewards self-consumption instead of delivering to
the grid and, hence, thermal and electricity storage was assumed, aiming to reduce the
electricity exchange with the grid as much as possible. Storage batteries were therefore
hypothesized for accumulating the electricity produced by the PV panels during the day
and not self-consumed instantaneously by the thermal plant. The sizing of the capacity
(Ebat, kWh) depends on the ratio between the energy that would be delivered to the grid
without batteries installed (Edel , kWh) and the energy consumed by the thermal plant when
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the PV panels are off (Eo f f , kWh). The battery capacity was calculated with the following
relation

Ebat = min

(
∑365

i=1 Edel,i

365
, 0.8 · ∑365

i=1 Eo f f ,i

365

)
(11)

2.4.3. Maintenance Costs

Maintenance costs were evaluated considering both the operations that are compulsory
by law (flue gas analyses every two years for boilers with solid and liquid fuel, and every
four years for gaseous fuels) and those advised by boiler and heat pump manufacturers
(e.g., refrigerant leakage control and possible replacement). The yearly maintenance costs
(Table 5) were estimated integrating data from reference [62] and a market inquiry, finding
a narrow difference between different heating and cooling technologies.

Table 5. Maintenance costs for boilers and heat pumps.

Intervention Capacity Range (kW) Cost (EUR, VAT Excl.)

Preventive maintenance for natural
gas boilers

<35 kW 80
35–60 kW 120
60–100 kW 150

Preventive maintenance for oil boilers
<35 kW 110

35–60 kW 130
60–100 kW 180

Preventive maintenance for wood
boilers

<35 kW 150
35–100 kW 250

Preventive maintenance for pellet
boilers

<35 kW 110
35–100 kW 220

Combustion analysis <35 kW 40
35–100 kW 50

Descaling of exchangers and boilers <35 kW 50

Heat pumps and chillers <35 kW 150
35–100 kW 250

As for the replacement of parts of the heating/cooling plant, the lifetime length of
boilers, PV panels and heat pumps is supposed to be equal to 20 years at least, i.e., no
replacement occurs for 20 years. While this is a straightforward assumption for boilers
and PV panels, the operating lifetime of heat pumps is more debated [63–65]. In particular,
the compressor of the heat pump is more prone to wearing and, hence, a replacement was
considered in the 11th year of operation, i.e., after ten years of operation. The cost of such
a replacement was estimated based on a market inquiry, and the following relation was
found

Ccompressor = 707.74 + 105.73 · P (12)

where P (kW) is the thermal power of the heat pump.
The replacement of the compressor was also considered for the split air conditioners

installed to cover the cooling demand in a boiler-based configuration. This assumption is
conservative since these plants operate for a limited number of hours per year (i.e., much
less than heat pumps do), and hence the compressor is likely to last for the whole 20 year
period.

As for the PV system, the panels are deemed to last well beyond 20 years, but the
inverter is generally replaced every 10 years [66,67]. An inverter replacement was therefore
considered in the 11th year of operation, and its cost was derived from a few data on a
regional price list [53] as directly proportional to the plant power P (kW)

Cinverter = 196.05 · P (13)
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2.5. Levelized Cost of Heat (LCOH)

The economic viability of different technologies for heating, cooling and DHW pro-
duction was evaluated using the Levelized Cost of Heat (LCOH) during a lifetime of
20 years [62]. This period is short enough to assume that boilers, heat pumps and PV panels
will not need to be entirely replaced [68].

The Levelized Cost of Heat LCOH (EUR/kWh) is defined by the following equation

LCOH =
∑n

t=1
It−Rt+Ft
(1+i)t

∑n
t=1

Et
(1+i)t

(14)

where It (EUR) is the investment cost incurred in the year t, Rt (EUR) is the amount
eventually refunded by incentives in year t (EUR), Ft (EUR) is the annual expenditure for
energy sources, Et (kWh) is the energy delivered by heating terminals directly to users,
n = 20 is the lifetime of the system and I is the discount rate.

The discount rate I was assumed to be equal to 4%, a value that falls within the range
of those adopted by several studies on energy and buildings [10,69–72]. However, the
personal choices and needs of the customer and the economic conjuncture strongly affect
the discount rate, which was therefore considered one of the critical parameters for the
sensitivity analysis.

As for refunds (Rt), the Italian Ecobonus was considered, which consists of the re-
imbursement of 65% of the capital expense for the energy refurbishment of buildings,
delivered in ten yearly equal payments.

3. Results

The presentation and discussion of the results of this study are divided into three
sub-sections with three different insights levels. The first analysis, presented in Section 3.1,
was performed on buildings without a cooling system (i.e., heating-only systems). Sub-
sequently, cooling loads were included in the calculations, and the results are shown in
Section 3.2. Finally, the limitations of our study are addressed in Section 3.3: the variability
of some major cost items is evaluated with Monte Carlo simulation, and temporary factors
influencing the LCOH values that are not considered by our study are described, drawing
some qualitative conclusions on their influence.

3.1. Heating-Only Systems

The values of LCOH are reported in Table 6 for the two buildings (detached house
and block of flats), the two levels of insulation (partial and total renovation of the envelope)
and the two climate zones (Turin and Oulx). The values are calculated in the presence of
incentives whose contribution to the reduction in the LCOH is shown.

The data reported highlight that there is generally a clear gap of LCOH values between
renewable and fossil fuel heating technologies when the Ecobonus incentive is applied. The
most expensive renewable heating technology (GSHP with the lowly conductive ground
in the scenarios S06 and S08; pellet in the scenarios S05, S09, S10, S11, S12; ASHP in the
scenario S07) is always cheaper than a natural gas boiler (with a gap up to 33.6%), except
for the scenario S08 (partially renovated apartment block in Oulx) where the GSHP with
lowly conductive ground is slightly more expensive than the gas boiler due to the very high
costs for BHE drilling. The other two fossil fuels (LPG and heating oil) have an even wider
gap: that is, renewable heating technologies allow an LCOH reduction of about 60–70%
compared to LPG and 40–50% compared to heating oil.
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Table 6. LCOH values (EUR/MWh) for the different heating-only systems. The LCOH with the
application of incentives is reported in the first row of each case, whereas the relative reduction with
respect to the scenario without incentives is in the second row. Legend: NG = natural gas condensing
boiler, LPG = LPG condensing boiler, OIL = diesel oil condensing boiler, WL = wood logs boiler, PEL
= pellet boiler, AS = air-source heat pump, GS = geothermal heat pump (subscripts stand for low,
medium and high conductivity, respectively).

Building Renovation
Location

(Scenario)
NG LPG OIL WL PEL AS GSlc GSmc GShc

Single
detached

house

Partial
Turin (S05) 128.5 290.7 179.6 70.3 89.6 78.8 83.8 80.7 78.7

−8% −4% −6% −14% −14% −47% −48% −48% −48%

Oulx (S06) 127.2 296.6 180.2 62.1 84.1 72.6 84.5 75.4 73.2
−6% −2% −4% −11% −11% −46% −47% −50% −49%

Complete
Turin (S09) 142.2 292.6 198.6 97.7 118.7 96.2 114.6 111.3 109.4

−18% −9% −16% −24% −26% −48% −50% −50% −50%

Oulx (S10) 130.7 278.3 183.5 83.8 103.3 58.5 82.2 76.2 74.0
−15% −8% −13% −22% −23% −44% −49% −49% −48%

Apartment
block

Partial
Turin (S07) 92.5 273.9 163.9 55.7 72.1 81.9 71.7 64.4 61.3

−4% −1% −2% −5% −4% −38% −49% −49% −49%

Oulx (S08) 91.2 273.3 162.7 53.6 70.3 78.7 101.5 80.6 73.2
−3% −1% −1% −3% −3% −31% −45% −43% −41%

Complete
Turin (S11) 110.9 252.5 157.8 60.3 77.2 65.4 66.6 63.5 61.6

−8% −4% −7% −14% −15% −48% −49% −49% −49%

Oulx (S12) 109.8 252.9 155.9 57.1 73.7 62.0 71.1 66.6 64.4
−6% −3% −5% −11% −12% −47% −49% −48% −48%

A conductive ground requires fewer BHEs to be installed, thus reducing the initial
investment. Hence, the LCOH of GSHPs decreases as the thermal conductivity of the
subsurface increases. Different impacts, however, are observed: while a slight LCOH
increase occurs for detached houses, from 5.3% to 19.4%, the increment is substantial (up to
39.9%) for an apartment block. This fact can be explained considering two factors: (i) the
mutual interference between probes in large BHE fields makes the borehole length increase
hyper-linearly with the thermal power, and (ii) the drilling and installation of BHEs have
practically no economy of scale, contrary to the other parts of a GSHP system; therefore, the
cost of BHEs accounts for an increasing share of the overall installation costs (up to 60%) as
the plant size increases. This result agrees with the literature results, such as reference [43].

The share of LCOH reduction reported in Table 6 highlights the fact that incentives
have a strong impact on the economic viability of heat pumps, reducing their LCOH values
between 31% and 49%. This result is explained by the fact that, contrary to feed-in tariffs or
fixed incentivization, the Ecobonus refunds 65% of the initial investment, thus improving
the economic viability of technologies with high installation costs but low operational costs.
This effect is expected to be even stronger with the recently introduced Superbonus (110%
tax refund of installation costs, see reference [33]), which was not considered in this analysis
due to its temporary nature.

3.2. Heating and Cooling Systems

The analysis reported in the previous paragraph deals with heating-only configura-
tions that, as already stated, are quite common in Northern Italy due to its climate [39];
however, the request for cooling systems is increasing due to the higher cooling loads of
new, better-insulated buildings (as also shown in Table 2). For this reason, the analysis was
extended to cover the cooling demand, and the LCOH was re-calculated combining heating,
DHW and cooling. Only the case studies with complete renovation were considered since
they involve the most relevant space cooling demand.

The inclusion of a cooling service depends on the different heating technologies
adopted and the resulting supplying mode:

- The reversible heat pump models chosen in the heating-only analysis have a sufficient
size to cover the cooling demand (except for scenario S11—the completely renovated
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apartment block in Turin—which requires an additional power of just 3 kW). However,
including the cooling service makes it necessary to replace all radiators with fan coils
(see Section 2.3).

- For biomass and fossil fuel boilers, the cooling needs were deemed to be covered by a
few mono-split air conditioners and, hence, a modest additional investment is needed.

When space cooling is included in the economic analysis, this results in an increase or
a decrease in LCOH values, as shown in Table 7. Indeed, the initial investment is shared on
a larger quantity of heat (delivered to or removed from the building), and, in some cases,
cooling has a lower unit cost compared to heating. In these cases, including the cooling
service leads to a reduction in LCOH values. GSHPs noticeably benefit from the inclusion
of the cooling demand because this reduces the heat imbalance underground, thus leading
to a lower overall BHE depth to drill. This effect is particularly evident for the block of flats
due to the above-mentioned BHE mutual interference. There are, however, several cases
where the inclusion of cooling increases the overall LCOH. The reason lies in a combination
of three possible factors, namely (i) low demand for cooling, as in the cold climate zone
(Oulx), (ii) a lower LCOH for heating than for cooling, as is the case of biomass boilers and
(iii) the need to replace radiators with fan coils to cover a modest cooling demand (e.g., for
scenario S10).

Table 7. LCOH values (EUR/MWh) with incentives referred to heating and cooling solutions and the
relative variation compared to the heating-only case (Δh&c). Legend: NG = natural gas condensing
boiler, LPG = LPG condensing boiler, OIL = diesel oil condensing boiler, WL = wood logs boiler, PEL
= pellet boiler, AS = air-source heat pump, GS = geothermal heat pump (subscripts stand for low,
medium, and high conductivity, respectively).

Building Location Quantity NG LPG OIL WL PEL AS GSlc GSmc GShc

Single
detached

house

Turin (S09) LCOH 171.3 293.4 217 134.4 155 93.1 110.8 108.4 107.1
Δh&c 20% 0% 9% 38% 31% −3% −3% −3% −2%

Oulx (S10) LCOH 176.2 318.4 227.1 130.7 152.5 88.5 108.6 102.9 100.8
Δh&c 35% 14% 24% 56% 48% 51% 32% 35% 36%

Apartment
block

Turin (S11) LCOH 106.8 184.8 132 78.1 89.8 56 52.6 48.7 47.1
Δh&c −4% −27% −16% 30% 16% −14% −21% −23% −24%

Oulx (S12) LCOH 114.8 223.8 149.4 74.2 88.7 60.6 54.5 52.4 50.7
Δh&c 5% −12% −4% 30% 20% −2% −23% −21% −21%

3.3. Study Limitations
3.3.1. Uncertainty on Cost Items: Sensitivity Analysis

The LCOH is an easily understandable indicator and makes the comparison among
different technologies very immediate despite some inevitable simplifications [10]. A major
limitation is represented by the variability in some installation cost components, such as
the unit cost of BHE drilling, which depends on the geological characteristics of the ground
and the local, nearly monopolistic market [73,74]. For this reason, the estimation of LCOH
requires the sensitivity analysis to be more rigorous [5,62].

We identified the prices of energy sources, heat pumps, BHEs and batteries, and the
discount rate as the most sensitive parameters and, therefore, as sources of uncertainty. The
sensitivity analysis focused on verifying how LCOH varies according to those parameters.
The study was performed through a Monte Carlo simulation hypothesizing that variables
randomly range between a minimum and a maximum value (Table 8).
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Table 8. Minimum and maximum values assumed in the sensitivity analysis.

Variable Unit Min Max Notes

Electricity price for household
consumers

EUR/MWh 49 334 1000–2500 kWh
EUR/MWh 98 301 2500–5000 kWh
EUR/MWh 95 280 5000–15,000 kWh
EUR/MWh 95 313 >15,000 kWh

National price on power
exchange EUR/MWh 0 163 -

Natural gas price for household
consumers

EUR/MWh 31 160 <20 GJ
EUR/MWh 28 107 20–200 GJ
EUR/MWh 27 104 >200 GJ

Diesel oil EUR/l 1.06 1.51 -
LPG EUR/l 1.45 1.62 -

Wood EUR/kg 0.13 0.18 -
Pellet EUR/kg 0.24 0.34 -

BHEs drilling and setting cost EUR/m 40 75 -
ASHP cost Variation −9% +9% -
GSHP cost Variation −9% +9% -

Batteries cost Variation −12% +12% -
Discount rate % 2% 6% -

As the Italian prices for the energy sources were assumed in our study, the sensitivity
analysis considered a possible variation in their values with different assumptions. As for
electricity and natural gas, the adopted range for the sensitivity analysis is between the
lowest and the highest unit cost in Europe for every consumption band by Eurostat [21]; the
lowest and the highest electricity prices are usually in Bulgaria and Germany, respectively.
Instead, the unit prices of natural gas for different demand ranges are quite different
depending on the country [21]. The variations in heating oil, LPG and wood biomass
prices were hypothesized based on the surveys published by the Chamber of Commerce
of Turin in the years 2017–2020 [58]. The reference for the maximum BHE cost is the
regional price list [53]; the minimum cost is the result of a survey performed by the authors
among workers in the sector. The minimum heat pump cost was computed considering
that the price may decrease by 9% until 2030 (a 9% annual drop) [75,76]. Symmetrically,
the maximum value accounted for a 9% increase in the capital cost. In the same way,
battery prices ranged from −12% to +12% [77]. Heat pumps and batteries were considered
sources of uncertainty because they are less consolidated technology compared to boilers
and require critical materials, such as rare-earth metals. Finally, the discount rate varied
between 2% and 6% based on the work of Cui et al. [10].

Figure 5 reports the sensitivity analysis results for the single detached house in Turin
(all the other cases are in Section S3 of the Supplementary Materials). The plots show
that diesel oil and LPG boilers are usually the two most expensive solutions under every
hypothesis of random price combination. The LCOH values for other energy sources,
especially wood log boilers, exhibit a low variability from its median. Only the curve of gas
boilers has a steeper slope due to the gas prices’ fluctuation. Gas boilers are usually more
expensive than ASHP and wood boilers, particularly when incentives apply. GSHPs also
turn out to be cheaper than gas boilers only in the presence of incentivization; on the other
hand, gas boilers are usually cheaper than GSHPs. Although it considered wide ranges for
input parameter values, the sensitivity analysis showed a ranking of LCOH values such as
those presented in Sections 3.1 and 3.2 with the default parameter values.
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Figure 5. Probabilistic distributions of LCOH values in a detached house in Turin in the following
cases: (A) heating-only after partial renovation without incentives; (B) heating-only after partial reno-
vation with incentives; (C) heating-only after complete renovation without incentives; (D) heating-
only after complete renovation with incentives; (E) heating and cooling after complete renovation
without incentives; (F) heating and cooling after complete renovation with incentives.

3.3.2. Temporary Factors Influencing LCOH

Our study did not consider two temporary factors, namely (i) the introduction of
Superbonus in 2020 [33] and (ii) the energy price increase occurring since late 2021 and
recently exacerbated by the war in Ukraine.
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As stated above, the Superbonus is the refunding of 110% of the initial investment for
the energy refurbishment of a building, which is provided in the form of a tax deduction
(5 yearly payments after the conclusion of the building restoration). This tax deduction
can be transferred to a bank, thus receiving an immediate refund of about 95% of the
installation costs incurred. As this incentive virtually nullifies the upfront costs of a
building refurbishment intervention, the LCOH is significantly reduced for heat pumps,
which require the greatest initial investment. The Superbonus, therefore, represents a
strong incentive to adopt heat pump technologies and, to a lesser extent, biomass boilers.
However, this is expected to last for a short time: at present, its phase-out is foreseen for
December 2022 for detached houses and for December 2023 for other buildings.

Since the second half of 2021, the price of fossil fuels has been increasing at a fast rate
due to the post-COVID pandemic economic rebound, with a consequent rapid increase in
the demand, and to several supply reduction issues [78]. At the beginning of 2022, with the
increasing tensions culminating with the Russian invasion of Ukraine, gas prices increased
to unprecedented price levels: for example, the natural gas EU Dutch TTF price—which
never exceeded 40 EUR/MWh between 2010 and 2020—exceeded 200 EUR/MWh in March
2022 [79]. The impact of this energy price shock is currently unpredictable, especially if
put into a 20-year perspective. The only partial conclusion that can be drawn is that this
price shock moves the focus of an economic viability analysis from the upfront costs to the
operation and maintenance costs.

4. Discussion

The results reported above highlight that the Ecobonus makes fossil fuel boilers no
longer an economically convenient option for the renovation of buildings. While the margin
is still narrow compared to gas boilers, in the case of LPG/heating oil boilers it is so wide
that it should stimulate the replacement of all these heating systems with renewable energy
technologies in the areas not reached by gas pipelines. This result is consistent with a recent
study by Casasso et al. (2019, [23]) in the region of Aosta Valley (NW Italy, bounding with
Piedmont). A good agreement is also observed with a previous study of Martinopoulos et al.
(2018, [80]) based on slightly older figures (the year 2014) in 16 countries, including Italy.
The LCOH values of gas boilers in a detached house were higher compared to the analysis
of Wang et al. (2018, [15]) in the UK (i.e., 127.2–142.2 EUR/MWh compared to about 95
EUR/MWh, respectively), whereas the LCOH values of air-source and ground-source
heat pumps were lower (respectively: 58.5–96.2 EUR/MWh vs. about 120 EUR/MWh;
75.4–111.3 EUR/MWh vs. about 135 EUR/MWh). As shown later, this discrepancy is
explained by the differences in electricity and gas costs in Italy and the UK. Compared to
the recent study of Novelli et al. (2021, [81]), the values of LCOH of our study are higher.
Nevertheless, the ranking of the economic viability of technologies is the same (GSHPs are
slightly more convenient than gas boilers and much better performing than oil boilers),
and the effect of the Ecobonus incentive on the LCOH of GSHPs is similar. In addition, the
impact of a rooftop PV system on the LCOH of a heat pump appears to be limited in both
studies.

The figures on the economic viability of heating technologies can be analyzed consid-
ering the diffusion of renewable heating technologies. The coverage of residential heating
demand in Italy from 1990 to 2015 has seen a gradual phase-out of oil heating, a notice-
able increase in biomass heating in the mid-2000s and the onset of district heating in the
2010–2015 period [82]. More recently, heat pumps have been significantly increasing in Italy.
A recent report by the Polytechnic University of Milan estimated an overall investment in
2019 of EUR 1514 M on heat pumps and of only EUR 381 M for condensing boilers [83].
Although heat pumps have overtaken boilers in terms of investments, the absolute numbers
of installations are still lower due to the lower costs of boilers compared to heat pumps.
However, this result highlights the effectiveness of the Ecobonus in reducing the barrier of
the higher upfront cost of heat pumps, which, for example, is still very considerable in the
UK [84]. In Italy, the issue of the investment cost has been further addressed by introducing
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credit transfer of the incentives: the credit owner can transfer it to other legal entities and
retrieve almost all the money spent immediately, rather than in 10 yearly quotas [85]. These
institutions, such as banks and firms, use the entire credit as their own and generate a
margin equal to the percentage not reimbursed to the applicant.

As stated in the introduction, the electricity-to-gas unit cost ratio is a key parameter to
drive the electrification of heating through the introduction of heat pumps [20]. Figure 6A
shows the trend of this quantity, since 2007, for the European Union (average of 27 EU
countries), Italy, the two largest EU economies (Germany and France), the best-performing
country from this point of view (Sweden) and the worst-performing country (Belgium).
The dashed lines report the cost ratio excluding all taxes and levies from electricity and gas
costs. The values of the electricity-to-gas cost ratio of Italy is in line with the EU-27 average
and is almost not influenced by taxation. The taxation on electricity is generally higher
than for gas, increasing the cost ratio and hindering the diffusion of heat pumps. As shown
in Figure 6A, an exception was represented by Sweden up to 2019, where natural gas was
more taxed than electricity but, currently, it is slightly lower. Conversely, the German
taxation on electricity has soared in the last decade, thus slowing down the increase in the
heat pump market. This evidence is confirmed by Figure 6B, which shows a clear inverse
relationship between the electricity-to-cost ratio and the turnover of the national heat pump
markets (EUR/year per inhabitant, 2019 figure). Both values are, for Italy, very close to the
European average.

Figure 6. (A) The trend of the electricity-to-gas cost ratio in the European Union (EU27), Italy,
Germany, France, Sweden and Belgium between 2007 and 2021. The full-line curves refer to the
cost ratio, including all taxes and levies, whereas dashed lines refer to the cost ratio without taxes.
Data sources: Eurostat database [21], electricity prices for households (500 to 5000 kWh/year), gas
prices for households (20 to 200 GJ/year). (B) Scatterplot of the electricity-to-gas cost ratio (2019, 2nd
semester) vs. the turnover of the heat pump market (the year 2019) normalized on the population
(source: EHPA [86]) for 18 European countries.

Statistics on energy consumption in households (Eurostat 2020, [87]) show that biomass
heating covers 22.4% of the heating demand in the European Union (EU-27). As shown
in Figure 7, the diffusion of biomass heating is correlated with the gas cost expressed as
the purchasing power standard (EUR PPP/MWh, source: Eurostat, 2020 [21]). Again, Italy
(23.9%) is quite aligned with the EU-27 average figure. Available data do not distinguish
between wood logs and pellets; however, specific data on pellet sales are provided by
Bioenergy Europe for a few countries [88]. The largest markets for pellet in 2019 were the UK
(9 Mton/year), Italy (3.3 Mton/year), Denmark (2.5 Mton/year), Germany (2.3 Mton/year),
Sweden (1.8 Mton/year) and France (1.7 Mton/(year). Based on such data, the highest
share of heating demand coverage with pellets are observed for Denmark (31.9%) and
Sweden (22.8%).
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Figure 7. Scatterplot of the coverage share of biomass heating vs. the gas cost (purchasing power
parity). Source: Eurostat [21,87].

Based on the diffusion of space heating technologies in the EU, two main conclusions
can be drawn, regardless of the incentives in force in each country:

- A low electricity-to-gas cost ratio has a positive effect on the diffusion of heat pumps.
- A high gas cost (compared to purchasing power) has a positive effect on the diffusion

of biomass heating.

These facts can be used to shape energy policies to promote the use of heat pumps
and, to a lesser extent, biomass heating. As for biomass heating, however, the well-known
environmental issues related to wood burning—air pollution, storage space requirements
and biomass availability—suggest that the room for further expansion of biomass heating
is quite limited, especially in urban areas [89–92].

5. Conclusions and Policy Implications

This study aimed to provide insights into the economic viability of the most common
heating and cooling technologies, i.e., fossil fuel boilers (natural gas, diesel oil and LPG),
biomass boilers (wood logs and pellet), and heat pumps (both air- and ground-sourced).
The analysis was based on an energy simulation of model buildings located in Turin and
Oulx, which represent the two main climatic zones of the region, namely the temperate
continental and the cold-temperate continental climate.

The installation costs of heating and cooling systems were estimated based on the
literature values, regional price lists and catalogues. The LCOH was chosen as the indicator
to compare the different technologies. The analysis considered the presence/absence of the
Ecobonus incentive and the cooling service. A sensitivity analysis was performed on the
most relevant and variable input parameters of the economic analysis.

Overall, the results of this study highlight that, in Italy:

- The Ecobonus incentive regime (and, a fortiori, with the Superbonus) makes renewable
energy sources already the most economically viable solutions for space heating and
DHW production.

- Wood log boilers are generally the most affordable technology for space heating. Heat
pumps (both air-source and ground-source) and pellet boilers follow in this ranking,
with variable positions depending on the scenario.

- The impact of the climate zone on LCOH values is generally modest. The only
exception is represented by the GSHP systems installed in an apartment block. In this
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case, a colder climate (and, consequently, higher heating needs) leads to a relevant
increase in the upfront costs of the BHE field.

- Completely refurbished buildings are characterized by a higher LCOH value com-
pared to partially refurbished buildings. This is because life-cycle costs are distributed
based on lower heating demand.

- In the climate zones of Piedmont, only completely renovated buildings have a relevant
cooling demand.

- The inclusion of space cooling demand makes heat pumps the most economically
convenient solution to cover the thermal needs in the residential sector, with a slight
advantage of the air-source type for detached houses and of the ground-source type
for the blocks of apartments.

- According to the sensitivity analysis carried out, the variability in input parameters of
the economic analysis does not substantially alter the ranking of the economic viability
of heating technologies.

The results agree with the few studies available in the literature on the LCOH of
heating technologies in individual and building centralized plants.

Some policy implications can be drawn from the results of this study and the compari-
son with energy costs data and heating technologies’ breakdown:

- The Ecobonus incentive is a sufficient stimulus to promote renewable heating, at least
from the point of view of the LCOH.

- The ratio between electricity and gas unit costs (EUR/MWh) is the critical parameter
that drives the diffusion of heat pumps.

- The unit cost of gas (normalized to the purchasing power of the country) is a good
predictor of the diffusion of biomass heating.

- Based on the above-reported facts, displacing the taxation from electricity-to-gas
and reducing the cost of electricity (e.g., promoting self-production from PV such
as in energy communities) can provide a further boost to the growth of heat pump
installations.

This study did not deepen the effect of two temporary driving forces that are altering
the economic viability of heating technologies: the introduction of the Superbonus and the
energy price shock occurring since late 2021. The former virtually nullified the upfront
costs of heating and cooling systems, thus benefiting heat pumps; the latter is still difficult
to evaluate in the 20-years perspective adopted in the LCOH estimation but seems to be
pushing toward a focus on operational costs rather than on the initial investment.
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Abstract: The research concerns renovation variants for modernist housing estates built in Szczecin,
Poland during 1918–1925 and in Bialystok, Poland during 1950–1990. These buildings are now
substandard in many ways; functionally, aesthetically, technically, and ecologically they do not
fulfil the current energy efficiency standards. Some of them have architectural heritage, so not all
energy-saving technologies can be applied. Renovations must include energy-saving improvements
and the use of renewable energy sources. Equally important is the well-being of residents, meaning
the quality of the apartments should be increased. The aim of this research was to analyze the
renovation options in terms of energy efficiency and well-being criteria, as well as in relation to
the cultural value of the buildings. The simplified energy calculation method was used to check
the present buildings’ energy demands to compare them with retrofitting results. Three retrofitting
possibilities were considered: low-cost, current standards, and near-zero energy. The results show
that without EU financial aid, which will soon be introduced under the “Renovation Wave” program,
such modernization projects will be difficult, making the target of 55% CO2 emission reductions
compared to 1990 levels by 2030 impossible.

Keywords: architecture; “Renovation Wave”; energy-efficiency; CO2 emissions; well-being

1. Introduction

Achieving the EU’s ‘Fit For 55’ target by 2030 will be impossible without renovating
buildings built in the previous century. Industrial development at that time accelerated
the growth of many cities. New districts began to rise around existing city centers. They
were shaped according to the urban and architectural ideas of the modernist movement,
appeared in early 20th century. Today, these buildings are the majority in many cities.
About 35% of them are over 50 years old [1]. The issues of energy efficiency and CO2
emissions were marginal until the end of the 20th century [2]. Now we know that buildings
consume about 40% of the total energy produced worldwide and that the associated CO2
emissions have a significant impact on climate change [3]. Studies on the use of solar energy
were maybe the most spectacular and easy to explain for publicity, but in the climate zone
of central Europe the use of technologies based on geothermal energy is more efficient.

Research on the energy efficiency of buildings began in the last century. In 1939, the
Massachusetts Institute of Technology (MIT) constructed “Solar 1” [4] (architect: Vannevar
Bush)—probably the world’s first research building—to test the possibility of heating
using solar energy absorbed by roof collectors and stored in a large insulated tank in the
basement. In the summer, the ability to passively cool the facility was checked. By 1978,
MIT had built another five research houses. “Zero-Energy House”, seen as one of the first
nearly zero-energy homes in the world, was built in 1974 at the Technical University of
Denmark in Copenhagen (architects: Vagn Korsgaard, Torben Esbensen) [5]. In 1992, the
Fraunhofer Institute for Solar Energy Systems (ISE) in Freiburg in Germany completed “Das
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Energieautarke Solarhaus”—Autonomous Solar House (architects: Hölken and Berghoff).
The building’s energy autonomy was achieved through the use of multiple technologies and
through storing the hydrogen produced during the electrolysis of water using electricity
generated by a photovoltaic system from solar radiation, a pioneering feat in architecture.
The hydrogen was then converted into electricity in fuel cells during periods of solar
energy shortage [6].

These buildings were the highest technical achievements of their time. They inspired
further research that resulted in increasingly ambitious energy targets. In recent decades,
the standards of energy consumption requirements for buildings have been steadily raised
(energy efficient <70 kWh/m2·y, low-energy <40 Wh/m2·y, passive <15 Wh/m2·y, zero
energy = 0 Wh/m2·y, +energy–building–producer supplying surplus energy to the electrical
grid). The last decades show that such buildings are structurally durable and may serve for
many years. The problems are their technical equipment and energy efficiency.

1.1. New Criteria for Energy Efficiency

Recent research by climatologists published in the Reports of the Intergovernmen-
tal Panel on Climate Change (ICPP) has changed the criteria for assessing buildings. In
addition to energy consumption requirements, new ones have been introduced, emphasiz-
ing CO2 emissions associated with the construction and operation of buildings. In 2005,
American architect Edward Mazria introduced a new target—“Architecture 2030”; that is,
zero-carbon buildings by 2030 [7].

The above criteria were introduced into many strategies and programs, both global,
such as the “Paris Agreement” in 2015, and local, which in the EU included the “European
Green Deal” in 2019, “Fit For 55” in 2021, and the current initiative “100 Climate-Neutral
and Smart Cities by 2030” from 2021. Unfortunately, the present criteria for the build-
ing regulations set lower requirements. In Poland in 2021, the Building Regulations for
multifamily buildings allow primary energy consumption rates for heating and cooling
of buildings of up to 65 kWh/(m2-yr). This differs significantly from the zero-energy
building standards, which the EU already recommended in 2020. They apply only to newly
constructed buildings—i.e., a small proportion of those existing today.

Therefore, the EU program “Renovation Wave” [8], launched in 2020, is very important.
It indicates that only 1% of old buildings are now renovated yearly and that the rate of
renovation should be increased to 4% per year. A 1% rate would extend the renovation
process to the end of the 21st century, meaning a minimum of 4% will allow the work to be
completed in 25 years and achieve the climate neutrality goals for cities by 2050.

1.2. Energy Efficiency in the Context of Well-Being

Improving existing buildings is particularly important in Poland—this is confirmed
by the listing of 36 Polish cities on the register of 50 European cities with the highest smog
levels in 2018 [8] and the frequent negative image of air pollution in Poland visible on web
maps of smog measurements in Europe (Figure 1) [9].

Although they are mainly based on PM10 and PM2.5 air dust measurements, the
presence of particulate matter is mainly the result of burning coal and wood—practices
that are strongly associated with CO2 emissions. Figure 1 shows the data under specific
conditions—namely in winter, with an outside temperature lower than −5 ◦C, during an
almost windless evening, without precipitation, and with inversion. Such weather condi-
tions are rare but this is when the effects of burning fossil fuels are clearly visible. Under
different weather conditions, for example with stronger wind, the measured dustiness in
the air is lower but at the same temperature (=−5 ◦C) more energy is needed to heat the
buildings and the real CO2 emissions level is higher. Pollen meters do not show this, but
the amount of greenhouse gases in the atmosphere increases. The same happens with high
levels of emissions from CHP plants. Therefore, even urban housing estates connected to
city heating networks contribute to harmful climate change.
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Figure 1. Image showing high levels of air pollution in Poland visible on the Airly web map of smog
measurements in Europe on 24 January 2022, adapted from Ref. https://airly.org/map/pl/; accessed
on 24 January 2022, 00:24

Energy efficiency is associated with good quality of life. As a criterion, a good indi-
cator is a well-being approach. In its popular meaning, it is a sense of comfort, although
well-being theory is much deeper itself. Martin Seligman tried to describe key elements
influencing human self-sense, resulting in PERMATM: Positive Emotions, Engagement,
Relationships, Meaning, and Achievement and Accomplishment [9]. This concept seems
to be only of the mental sphere, but we should understand that this sphere is strongly
connected to physical conditions of life. Only if a human being’s basic needs are assured
(see the Maslow categories of human needs pyramid—physiologic needs, safety, etc.) with
their higher needs be assured, i.e., emotional needs. Therefore, the improvement of energy
efficiency cannot be achieved through the worsening of physical accommodation condi-
tions, nor via extreme increases in life costs. What is the scale of renovation needs, and are
housing communities able to finance them themselves?

Apart from issues related to a lack of energy efficiency and the associated high charges
for energy carriers, which have increased rents, especially recently, beyond the affordability
of poorer residents, postwar multifamily buildings have a number of other weaknesses.
The flats are small and were regarded as too small in the years they were built. However, at
that time their prices were much lower than their building costs. State cooperatives took
over private building sites for negligible compensation. No one counted the true cost of
development. Housing was a kind of social assistance. Under such conditions, residents
always expected larger flats. Today, when flats are sold for the market price, which is
very high in relation to wages, expectations of large flats have diminished and the existing
old ones are larger than what new developers often offer today. Monotonous interior
design, including the use of primitive finishing materials, ugly furniture, and bad colours,
usually arranged by the owners, were the typical aspects of living in such buildings in these
times. Today, specialized companies providing good design details and better materials
renovate these flats, which means their appearance meets high aesthetic standards. The
next problem with these buildings is the external elements, namely the balconies and
loggias. Many small flats do not have them at all, while in larger ones they are so small
that sometimes it is impossible to sit on a chair on them. When a flat is small, a balcony or
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loggia is an important element, as it compensates for the cramped living space. A cardinal
disadvantage of these blocks is the staircases, which are narrow and primitively finished
in bad colours, which additionally provokes destructive behaviour, including vandalism
and graffiti. Some of the five-storey blocks were built without lifts. The people that started
living in them were usually young and climbing a few floors was not so difficult. Today,
most of the people living in these blocks are elderly people who can find it difficult to walk
even on flat ground—flats on floors higher than the ground floor have become prisons for
them. Additionally, access is an issue for mothers with children riding in prams. Some of
the flats on the ground floor have small gardens. These would be great for disabled people
or families with small children, but to get to the gardens one has to climb several steps
because the ground floor level is usually raised more than one meter above the ground.
The disadvantages mentioned above mean that anyone with a little more money is trying
to “escape” from the blocks of flats to detached houses, usually in the distant suburbs.

The social structure of the blocks of flats is changing. There is a predominance of
elderly residents, who often have trouble paying their bills. Large flats are often inhabited
by a single person living on a small pension. Turning off the heating in mostly empty
rooms results in the beginning of degradation of the building materials. The vacant flats
are occupied by poorer people or temporary residents, who often do not care about the
technical condition of the flats. The blocks are beginning to be seen as poor places to
live. Youth are moving to the suburbs. City centers are starting to decline. This has also
resulted in increased traffic congestion, morning and evening traffic jams, and additional
emissions. The operational costs of cities are rising, and a lack of resources for vital social
functions and necessary investment has arisen. This crisis has forced active youth and
businesses to migrate to other towns. These cities are entering a period of depopulation and
gentrification, the beginning of a process of decline; we have seen such a process previously
in Detroit.

Postwar buildings also have their advantages in many cities, as they are located in
downtowns or in their close vicinity. They have large courtyards with decades-old trees.
The technical condition of the buildings ensures that they will function for many years,
although it is necessary to renovate them. A successful example is the renovation of a
complex of three fifteen-storey modernist blocks in the Grand Parc neighbourhood in
Bordeaux. Anne Lacaton and Jean-Philippe Vassal are the creators of modernization. The
motto of their projects is: “Never demolish, never remove or replace, always add, transform,
and reuse!” [10]. A framework was added to the existing walls to create large outdoor
loggias with sliding glass walls, creating additional outdoor “green rooms”. The existing
small windows were replaced with larger ones reaching to the floor. This brightened up
the interiors, also improving the views from the windows, which gave the flats a more
contemporary look. Additional glass lifts were built next to the staircases. The renovation
was carried out without displacing residents. The comfort, aesthetics, use value, and energy
efficiency of the flats have increased. Energy consumption has decreased thanks to the
glass buffers, and probably the rents. The effect of glazing loggias to reduce energy losses
in dwellings was described in 2011 by one of the authors [11].

The project was recognized by the Pritzker Prize awarded to the authors in 2021, and
we should continue with the methods, solutions, and logistics of the redevelopment they
introduced (Figure 2). The Lacaton and Vassal project includes the same kinds of buildings
as most of those reported in our article, namely 1960s–1980s multifamily houses made using
industrialized building technologies. This project shows that it is possible to incorporate
both formal and utility values into such buildings.

Wider research including human factors in such approaches to the modernization of
multifamily houses in Italy was described by Lucchi and Delera [12].
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Figure 2. Renovation of a complex of three fifteen-storey blocks in the Grand Parc in Bor-
deaux. Pritzker Prize 2021. Architects: Anne Lacaton and Jean-Philippe Vassal, adapted from
Ref. https://www.pritzkerprize.com/sites/default/files/inline-files/Transformation%20of%20
G%2C%20H%2C%20I%20Buildings%201.jpg photo Philippe Ruault, (accessed on 13 May 2022).

1.3. Study Objectives

In Europe after World War II, the acute problem was the lack of housing. In response
to this, industrialized housing technologies were developed in both Western and Eastern
European countries. Such properties are inhabited by a very large part of the population.
Usually, their energy efficiency in terms of the thermal insulation is unsatisfactory. This, in
combination with their very significant share of the housing stock, causes their large impact
on energy consumption in the global context, as well as their contribution to the greenhouse
effect. At the same time, the generally significant share of people from economically weaker
groups among the residents means that expecting a greater participation in the energy
transformation costs from the residents of such properties raises serious doubts.

The aim of this research, in general, was to determine the needs in terms of achieving
the currently expected energy efficiency targets for these housing resources and finally to
answer the question of whether it is possible to finance these works from the residents’
own resources or whether it requires external support.

1.3.1. Objective 1

The first aim of the research was to estimate the differences between the actual and
expected energy standards based on selected examples of buildings from different periods
and of different types, and then to determine the energy demands.

1.3.2. Objective 2

The level of CO2 emissions connected with energy consumption, in particular with
modernization efforts, was checked. A comparison was made of CO2 emission reductions
achieved through renovations with the targets set by the EU in the “Fit For 55” program.

1.3.3. Objective 3

An analysis of the results and basic financial calculations of the costs of the various
renovation variants, by converting the results into sums per building inhabitant, was
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performed with reference to the level of income of the population to answer the question
of whether such modernization is possible with the residents’ own resources and to what
extent it is necessary to support this with external funds.

2. Materials and Methods

According to the aims of the research, the required data including the parameters of
buildings in the housing estates. The authors decided to compare the energy efficiency
standards of buildings from different periods. Therefore, the selected estates seemed to be
representative of completely different periods.

2.1. Modernist Housing Estates in the 1920s and 1930s in Szczecin: The Solution to Social,
Infrastructural, and Technological Problems

In the 1920s and 1930s in Szczecin [13], there were attempts to develop new solutions
for urban layouts, continuing the process of the modernization of excessively dense Euro-
pean industrial cities [14]. The new urban solutions combined with the rational planning
of apartments reflected the ideas of the modernist movement [15] in architecture, pop-
ularized by the international community of designers and avant garde artists [16]. The
structure, based on the “residential units” and “housing estates” extracted from the spaces
of traditional cities, determined the perspectives for the rational development of urban
layouts, resulting in the use of modern (at the beginning of the 20th century) infrastructural
and technological solutions providing adequate housing conditions for the less wealthy
members of society [17].

The historical rule of peripheral building developments in old cities, involving large
quarters and courtyards with outbuildings, was replaced by rectangular buildings or the
free planning of new homes [18]. The locations of multifamily buildings were adapted
to the configuration of the terrain, creating housing estates with the organic planning of
streets and buildings. Where there were differences in height, freestanding buildings with
a semicircular or oval outline were created. Green areas isolated from traffic were prepared
as recreational facilities for residents of the housing estates.

To facilitate pedestrian traffic inside multifamily developments, which were erected
using the modest funds available to housing cooperatives and building societies, external
traffic galleries were constructed, acting equivalently to balconies in bigger apartments
but with higher standards. The internal traffic within modest multifamily developments
was solved through the construction of corridors (with several or over a dozen apartments
per floor) and separate staircases (with access to between 2 to 4 apartments on subsequent
levels). In the constructions of multifamily buildings, designers used traditional masonry
(bricks with air gaps or slag concrete blocks), as well as new technologies such as reinforced
concrete and steel. The staircases were made in a number of ways—using traditional wood,
with wooden steps on a reinforced concrete or ceramic slab, and using reinforced concrete
only. The ceilings over basements were built with ceramics or reinforced concrete, while
wood was usually used on the levels with apartments.

Regarding aesthetics, the appearance of the facades from the street and the interior of
the estate was unified. The plastered walls were enriched with ceramic decorative elements
such as plinths, window and door trims, inter-window strips horizontally crowning the
shapes, as well as repetitive segments of staircases and external traffic galleries. The
overhanging balcony and gallery elements contained plastic accents of lights and shadows
on homogeneous surfaces of cubist blocks. The geometric metalwork elements, the corner
glazing on the verandas, and the window arrangements in staircases constituted additional
accents in the restrained compositions (Figure 3).
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(a) (b) 

  
(c) (d) 

 
(e) 

Figure 3. Szczecin (a) urban plan of a modernist housing estate between Boelcke Strasse, Richthofen
Strasse, and Reichswehr Strasse (Stanisława Brzozowskiego St., Karola Huberta Rostworowskiego
St., Klemensa Janickiego St.) from 1931. (b) Front elevation of a multiapartment building with loggias
in Boelcke Strasse (Stanisława Brzozowskiego St.) from 1931. (c,d) Cross-sections and elevation
of a building with external galleries in Reichswehr Strasse (Klemensa Janickiego St.) from 1932.
(e) Multifamily building with differentiated building lines in Richthofen Strasse (Karola Huberta
Rostworowskiego St.), showing ground floor plan from 1931 from the State Archive in Szczecin,
Construction Supervision Records, signature 10806, reprinted from Ref. Szczecin Municipal Archives.
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To ensure the economic use of funds and to facilitate the construction process, the
designers used repetitive residential sections. Kitchen, bathroom, and furniture elements
were also standardized, the creation of which included features characteristic of the pre-
liminary phase of industrial production. The formation of rational layouts of multifamily
suburban housing estates was based on the system of industrial production (functional
homes were erected in the 1930s in Berlin based on model designs with the use of prefabri-
cated construction elements) [19]. Economic solutions were devised to satisfy the needs
of the increasing numbers of residents in industrialized urban hubs. There was a need
for solutions that would be within reach of families with average salaries [20]. The new
multifamily buildings constructed in the 1920s and 1930s in the suburban housing estates
of Szczecin fulfilled the necessary functional and utilitarian requirements, containing new
apartments with multiple rooms, as well as more modest social flats [21].

The designs for Szczecin’s housing estates from the 1920s and 1930s were based on
the solutions developed in Berlin [22] and the urban architectural modernization concepts
implemented after World War I in Frankfurt am Main [23]. From the end of the 18th century
and beginning of the 19th century, Szczecin had been economically connected to Berlin in
terms of the use of the transshipment facilities in the port by the Oder. In the 19th century,
there were many analogies in terms of construction investment, with references to Berlin’s
typology of tenement houses and the urban plans from the industrial era developed in the
capital (Figure 4).

2.2. Postwar Housing Estates in Bialystok

During WWII, Bialystok was one of the most destroyed cities in Poland. About 80% of
the city center was destroyed during the four passages of the German and Soviet armies
in 1939–1944 (Figure 5). The few partially preserved buildings were restored and the
demolished ones were replaced with new ones, but the number of flats was much lower,
along with a lower number of rooms in each flat and smaller internal surface area. They
were reconstructed in accordance with the historical layout of the streets and quarters, with
significantly enlarged backyards. They were still topped with pitched roofs, sometimes with
traditional facade decorations. The enormity of the destruction allowed for the correction
of the street grid, resulting in chaotic spaces connecting the new streets and the preserved
buildings, built along the prewar streets. In the following years, after Stalin’s death, a
political change took place, which resulted in the abandonment of historicism and a return
to modernist architecture. New districts appeared outside the historical center. Until 1969,
buildings were still constructed in a traditional way, with brick used as the basic material.
However, the new buildings were characterized by substandard living conditions.

The growth of the city associated with postwar industrialization and the arrival of
large numbers of people to Bialystok was associated with a major housing shortage problem.
In response to this, both in Western countries and behind the Iron Curtain, industrialized
housing technologies were developed. Housing estates consisting of such buildings were
built in Bialystok from 1969 to the mid-1990s. As a result, nowadays a very large proportion
of the population lives in such buildings. In Poland, the share of inhabitants of buildings
erected using various technologies of this type was estimated in the year 1999 as ca.
10–12 million people [24]. Such buildings have not been demolished; changes to the
demographics could have resulted only from decreasing the average number of family
members and from increasing the number of single people, so the current population living
in such buildings in Poland is likely 8 million inhabitants, and maybe a little more.

In Poland, there are ca. 4 million flats in prefabricated buildings. According to various
data sources, 10 to 12 million Poles inhabit these flats. In most of the main cities, large-panel
buildings account for more than 30% of the total housing stock [25].

This constitutes around 30% of the total population of Poland. These buildings
were erected in completely different economic contexts, both from energy efficiency and
ecological perspectives. Their energy efficiency in terms of the thermal insulation usually
leaves much to be desired. Combined with their very significant share of the housing
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stock (Figure 6), this results in their high impact on energy consumption globally, as well
as their significant contribution to the greenhouse effect. At the same time, the generally
significant share of people from economically weaker groups among the inhabitants means
that expecting the inhabitants of such buildings to make significant contributions to the
energy transformation costs raises serious doubts.

 

Figure 4. Szczecin residential buildings with outdoor galleries in Reichswehr Strasse (Klemensa
Janickiego), source: authors—photo: K. Januszkiewicz, P. Fiuk.
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Figure 5. Bialystok city center in 1944: ca. 80% of the buildings were destroyed during WWII,
reprinted from Ref. The Library of USA Congress.

 

Figure 6. Bialystok city center in 2021. The locations of multifamily buildings are marked in color,
adapted from Ref. Municipality of Bialystok, GIS Department.
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2.3. Prefabricated Buildings

The increase in the urban population convinced the country’s authorities to use prefab-
ricated construction systems (in England they were called “large-panel system buildings”
(LPS), in Germany “Plattenbau”). A number of such technologies have been tested in
Poland, including W-70, WK-70, S, WUF-T, WWP, and OW1700 systems. In 1967, one
of the more popular systems in Poland was developed—OW-T/67 (this is an acronym
for economical, large-scale, and typical). The ground floor plan was usually rectangular;
two heights were mainly used—5-storey (without lift) and 11-storey. A section of each
building had a central staircase, usually with two or three flats on one floor. Occasion-
ally external galleries were used. The smallest of the created buildings usually had three
sections measuring 40–50 m in length, with the longest measuring Poland 860 m. The
OW-T/67 system provided flats of various sizes (the number indicates the number of resi-
dents): M1—20–23 m2; M2—30–32 m2; M3—38–45 m2; M4—48–54 m2; M5—57–60 m2; M6—
62–66 m2; M7—72–75 m2. Usually, there were three flats of different sizes on one floor (M3
+ M1 + M4, M3 + M2 + M5,etc.), although sometimes only two (M4 + M5−M7). Each flat
had a bathroom, kitchen, and a different number of rooms, while the larger flats (M3−M7)
also had a balcony or loggia.

In 1968, in Bialystok in the suburban fields near the Bojary district, a factory was built
to produce building elements used in the OW-T/67 system. The new district of Piasta
was planned around it. In 1969, at 3 Piastowska Street, the first prefabricated building in
Bialystok was constructed (Figure 7). Over time, most of the new buildings in the city were
built using the OW-T/67 system. It is estimated that by 1990 over 750 residential buildings
containing 45,000 flats had been built in Bialystok, housing around 140,000 people—almost
half the city’s population [26].

  
(a) (b) 

Figure 7. Prefabricated buildings in the “large-panel system” OW-T/67 style: (a) a 5-storey building,
the most common in Poland, 3 Piastowska St., the first to be built in Bialystok in 1969; (b) an 11-storey
building, 11 Mieszka I St., shown in 2021, source: authors—photo A. Turecki.

2.4. Methodology

The energy performance of a building is calculated in accordance with a national
methodology [27], corresponding to the requirements of EP and R Directive 2010/31/EU
and subsequent amendments [28,29]. This is an official tool used for designing and verifying
the energy efficiency of new and modernized buildings in Poland and for calculating the
actual energy performance of buildings.

The applied calculation method is based on PN-EN ISO 52000-1, 52003-1, 52010-1,
52016-1, and 52018-1 standards.
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The energy performance is determined based on calculations of the typical energy con-
sumption by the building’s built-in systems, using the Audytor OZC 6.9 Pro software [30]
with an implemented calculation model in accordance with the national methodology.
According to the Directive 2010/31/EU, the performance is determined by the seasonal
primary energy demands. In residential buildings, the calculated annual primary en-
ergy demands for heating, cooling, domestic hot water, and ventilation are calculated as
follows (1):

Qp = ∑n Qp,n kWh/a (1)

Here, Qp is the annual primary energy demand and Qp,n is the annual primary energy
demand for the system.

The primary energy consumption for individual systems is calculated based on na-
tional primary energy input indices (Table 1) (2):

Qp,n = Qk,n·wi,n + Eel,pom,n·wel kWh/a (2)

Table 1. Primary energy input factors.

Energy Source Wi

Cogeneration coal 0.80

Cogeneration biomass 0.15

Cogeneration municipal waste 0.15

Fossil fuels 1.10

Grid electricity 3.0

Here, Qk,n is the annual final energy demand for the respective system, wi,n is the
primary energy input factor for the system, Eel,pom,n is the annual electricity demand for
the auxiliary equipment of the system, and wel is the primary energy input factor for the
grid electricity according to KOBIZE for 2020 [31].

Eel,pom,n = ∑n qel,n·t,el,n·Af·10−3 kWh/a (3)

Here, qel,n is the unit electric power demand to drive the auxiliary equipment in
question, tel,n is the operating time of the appliance in question, and Af is the area of
temperature-controlled space in the appliance’s operating zone.

For systems supplied with district heating, the average primary energy input factor
was calculated on the basis of data for the local district heating systems (3), along with
calculation of the shares of individual fuels, the heat generation method, and national
primary energy input factors [32] (Figure 8).

 

Figure 8. Heat structure in Bialystok district heating network depending on the source and generation
technology—data published for design calculations in 2021, source: authors—prepared by M. Tur.
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The specific CO2 emissions were calculated as the sum of emissions from the energy
consumption levels of the individual systems in the buildings related to the useful floor
area of temperature-controlled buildings. CO2 emissions were determined for individual
fuel shares in the energy mix of the district heating network, taking into account emission
factors based on measurement data collected by the distributor [33].

Emissions from electricity consumption were calculated based on the CO2 emission
factor of 719 kg CO2/MWh of electricity from the national electricity grid for 2019 according
to data from the National Center for Balance and Emissions Management [34]. The same
CO2 emission factors and shares of fuels in the heating network mix were assumed for all
calculation variants using the latest data available for 2021.

Calculation Variants

Calculations were carried out for selected types of multifamily buildings that consti-
tute significant proportions of the residential housing stock in the cities of Bialystok and
Szczecin [35]. The buildings’ energy consumption and CO2 emissions were calculated for
different building states.

For all variants, the same primary energy input and CO2 emission indices were
adopted, which are valid on the day of calculation.

Calculation variants:
Here, I is the original state, determined on the basis of archival documentation and

regulations in force at the time of the building’s construction, involving a thermal shield
without a thermal insulation layer or highly insufficient natural ventilation, with air inflow
through leaky windows and an assumed air tightness of n50 = 6.0 1/h (Table 2).

Table 2. Heat losses in the building at 3 Piastowska Street in Bialystok at the time of construction.

Heat Losses kWh/a %

Windows and doors 346542 37.2

Thermal shield (without windows) 270712 29

Heat for ventilation 314577 33.8

Total 931831 100

Here, II is the existing condition; the analyzed buildings, as well as the majority
of the surveyed resources, were subjected to varying degrees of thermo-modernization
over the years 1990–2020, covering in the vast majority of cases thermal shielding of the
buildings, except for floors on the ground and internal walls; window replacements and
modernization of the building’s heating system; thermal insulation of the thermal envelope
(R = 3.0–4.0 [m2·K/W]); and airtight fitting of the windows, with an average coefficient
of U = 1.5 [W/m2 K]. The airtightness of the building was assumed to be n50 = 3.0 1/h
from the average of measurement results from airtightness tests carried out on a sample of
22 residential buildings according to PN-EN 13829. The actual energy consumption read-
ings from the meters in the investigated buildings were around 20% lower than the calcu-
lation results, due to insufficient flow of supply air after replacement of the old windows
with airtight ones (Table 3).

Table 3. Heat losses in the building at 3 Piastowska Street in Bialystok—present state.

Heat Losses kWh/a %

Windows and doors 187892 32.3

Thermal shield (without windows) 142675 24.4

Heat for ventilation 252700 43.3

Total 583267 100
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Supplementary retrofit options have been adopted:
Here, III represents the adaptation of all thermal shielding parameters with installation

meeting the requirements of the EU national regulations. The adopted thermal insulation
system has a thermal shield R = 4.0–6.0 [m2·K/W], while the windows have a coefficient
U = 0.9 [W/m2 K] with a high level of tightness, along with natural ventilation with the
provision of regulated air supply through window ventilators (Table 4).

Table 4. Heat losses in the building at 3 Piastowska Street in Bialystok—a modernization variant
including adjustment of the building envelope to the present thermal insulation requirements.

Heat Losses kWh/a %

Windows and doors 138228 30.2

Thermal shield (without windows) 84831 18.6

Heat for ventilation 233979 51.2

Total 457038 100

Here, IV represents a variant involving the installation of a mechanical ventilation
system with heat recovery allowing for reduced energy consumption when heating ventila-
tion air [36] and improved hygienic conditions resulting from the air exchange in rooms.
Windows in most buildings are fitted with PVC frames, without the installation of ven-
tilation ventilators, while the flow of gravitational ventilation is inhibited by sealing the
building envelope, leading to a reduction in the intensity of gravitational ventilation below
hygienic requirements [37].

Mechanical ventilation systems are installed in installation shafts mounted on the
external walls of staircases, with individual air handling units installed in staircases. The
assumed total efficiency of the recuperation system is 49% and the building air tightness
level recommended by the regulations is n50 = 1.5 1/h (Table 5).

Table 5. Heat losses in the building at 3 Piastowska Street in Bialystok—modernization variant
including modernization of the building envelope and installation of a mechanical ventilation system
with heat recovery.

Heat Losses kWh/a %

Windows and doors 138283 36.2

Thermal shield (without windows) 85051 22.2

Heat for ventilation 159170 41.6

Total 382504 100

Here, V represents the replacement of the heat source used for heating the building
and the DHW heating from the existing connection to the district heating network with a
system powered by highly efficient heat pumps with an efficiency COP = 4.0, with vertical
ground probes as the source of energy. The district heating network in Bialystok is supplied
with combustion heat, the modernization variant provides for the use of geothermal energy
and includes the installation of a passive cooling system involving vertical ground probes.

Here, VI represents a variant involving the installation of a photovoltaic system on the
building roofs. This system can be installed on flat roofs of multifamily buildings without
major interference with the interior. An analysis of the possibility of installing PV systems
on exemplary buildings shows that about 50% of the roof area can be used (Figure 9). For
the PV calculation gains, a new method of assembling panels was used. The PV panels
form pairs touching each other at the top, with a slight inclination of 15◦, parallel to the
edges of the roofs and with the azimuth pointing in the W–E direction. Although the yield
of the individual panels is lower than with a south-facing orientation, this is compensated
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for by the smaller shading areas and the larger number of panels installed. The above mean
that PV system produces slightly less energy but is more resistant to damage by strong
winds. The production volume of PV systems (also with different settings) is calculated
using the EU PV calculator [38]:

 

Figure 9. PV system on the roof of Piastowska 3: (a) plan of PV panels; (b) photo—Google Earth 2021;
(c,c1) calculation of PV system energy production, source: authors—prepared by A. Turecki.

3. Results

The calculation charts (Table 6) show us the amount of energy consumed by the
exemplary buildings. AUDYTOR software allows us to make a backward calculation,
showing how much energy was consumed by each building at the time of completion for
variant I (Table 7, Figure 10).

In previous years, nobody was particularly interested in this issue—energy was cheap,
sources seemed to be unlimited, not many people were aware of the existence of CO2, and
nobody thought that it could affect global warming. However, in these data, in addition to
information showing the technical advancement of the building, aspects related to building
size dominate, which need to be separated out.

The energy demand coefficient per unit of usable floor area in one year (EK) omits
the building size problems, meaning the data becomes clearer (Table 8, Figure 11). A
retrospective analysis showed that in pre-WWII buildings in Szczecin and in those built
just after WWII in Bialystok, the EK coefficient exceeded 400 kWh/m2·a for variant I
buildings. After the year 2000, the increased requirements for energy efficiency in the
building regulations obliged building owners to undertake thermal improvements, which
reduced the EK coefficient values to close to 108–141 kWh/m2·a for variant II buildings.
Unfortunately, works undertaken in the first decades of the 20th century do not meet the
current requirements; they need to be continued, sometimes by replacing almost twenty-
year-old materials with new ones. This will make it possible to reduce the EK values to
90–101 kWh/m2·a.
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Table 7. Final energy demands (Qk (kWh/a)) for 6 analyzed technical modernization variants of the
considered buildings.

Building
Final Energy Demand Qk [kWh/a]

I II III IV V VI

2 Krasinskiego 894518 312338 224799 197737 65033 18973

3 Piastowska 1408133 573667 431850 376751 131927 59057

11 Mieszka I 3159420 1447473 983992 864972 324846 241896

27 Mickiewicza 1659884 813614 616918 538453 193155 130575

20 Janickiego 615562 175793 121342 114195 39578 −6292

36 Rostworowskiego—1 section 211925 65892 45398 45297 16340 2829

17 Brzozowskiego—1 section 166881 39732 33118 35691 13021 983

  

Figure 10. Final energy demands Qk (kWh/a) for 6 analyzed technical modernization variants of the
considered buildings, source: authors—prepared by A. Turecki.

Table 8. Energy demands (Ek (kWh/m2·a)) of 6 analyzed technical modernization variants of the
considered buildings.

Building
Energy Demand EK [kWh/m2·a]

I II III IV V VI

2 Krasinskiego 403 141 101 89 29 9

3 Piastowska 294 120 90 79 28 12

11 Mieszka I 271 124 84 74 28 21

27 Mickiewicza 236 116 88 76 27 19

20 Janickiego 417 119 82 77 27 −4

36 Rostworowskiego—1 section 418 130 89 81 29 6

17 Brzozowskiego—1 section 455 108 90 85 35 3
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Figure 11. Energy demands (Ek (kWh/m2·a)) of 6 analyzed technical modernization variants of the
considered buildings, source: authors—prepared by A. Turecki.

The values shown in Figure 11 are still unsatisfactory. The current EU directive requires
new buildings to be nearly zero-energy.

Therefore, it is necessary to introduce advanced technologies. The basic requirement,
because we breathe and must have fresh air with appropriate humidity, is ventilation with
recuperation (at the same time this is the most difficult one, because it requires the installa-
tion of additional systems inside the flats, meaning it may be easier to replace all installed
systems in buildings that are already at thirty years old). Regarding recuperation, variant
IV will allow the EK values to be reduced to 74–89 kWh/m2·a (in Szczecin, recuperation
systems have not been installed in buildings due to their historic status).

The next steps require the use of renewable energy sources. The use of a ground source
heat pump (GSHP) gives significant results (variant V). The COP indicator showing the
energy yield compared to the amount of energy needed to run the device in modern PCs is
higher than 4. An additional advantage of using GSHP is the ability to cool buildings in
summer by exploiting the “coolness” of the ground, involving minimal energy consumption
(only the circulation pumps are run, while the HP compressor is switched off). A favorable
aspect of the buildings is the large courtyard areas, which allow for the construction of
many ground probes for the lower heat sources. The use of GSHP will significantly reduce
the EK values to 27–35 kWh/m2·a.

The last technology proposed is the photovoltaics (PV) variant (variant VI). This
system generates electricity in the most versatile and necessary manner to power almost
everything in modern buildings, especially when operating heat pumps. Paradoxically,
PV systems in Poland are currently developing faster than all of the previously mentioned
technologies. This technology is also the simplest to implement; it can be installed on the
roofs of multifamily buildings without major interference with the interior. An analysis of
the possibility of installing PV systems on the exemplary buildings showed that about 50%
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of the roof area can be used (the prior application of ventilation systems with recuperation
may increase this area). The variant considered assumes that the PV system is integrated
with the grid, i.e., the grid plays the role of a battery, which returns energy at night and in
winter months, when PV systems in Poland produce less energy. The use of PV areas will
allow the EK values to be reduced to 4–21 kWh/m2·a.

The consumption of energy from individual sources or combined heat and power
(CHP) plants has so far usually been associated with CO2 emissions. Reducing such gas
emissions is one of the main objectives of the EU’s “Fit For 55” program. Taking into
account the combustion of different types of fuels at the combined heat and power plant in
Bialystok and the KOBIZE data for Szczecin, the amounts of CO2 emitted over 1 year were
calculated for different renovation options for the analyzed buildings (Table 9, Figure 12).

Table 9. Total CO2 emissions (kg/a) for 6 analyzed technical modernization variants of the consid-
ered buildings.

Building
Total Emission CO2 [kg/a]

I II III IV V VI

2 Krasinskiego 391958 102134 73732 68354 46758 13642

3 Piastowska 460499 187767 141736 131268 94857 42462

11 Mieszka I 1034056 477767 323124 301117 244203 173923

27 Mickiewicza 527388 242408 205726 190255 138879 93883

20 Janickiego 199503 40008 28222 33428 25883 0

36 Rostworowskiego—1 section 70602 14754 10376 13252 10475 2034

17 Brzozowskiego—1 section 54288 11130 7214 10423 8339 707

 

Figure 12. Total CO2 emission (kg/a) for 6 analyzed technical modernization variants of the consid-
ered buildings, source: authors—prepared by A. Turecki.

The data show increases in CO2 emissions for variant IV buildings in Szczecin. These
increases result from the connection of the buildings to the municipal heating network
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when previous individual gas furnaces in flats have been removed, as required by law. Gas
is an energy carrier that emits less CO2 than heat supplied by the CHP plant in Szczecin,
which burns mainly coal. Introducing a PV system to the 20 Janickiego St. building in
Szczecin will result in zero CO2 emissions.

As is the case for energy consumption, data on the total consumption should be
supplemented with data showing the CO2 emission coefficient per 1 m2 in one year—this
omits the size of the building and shows the levels of building emissions for particular
retrofit variants (Table 10, Figure 13).

Table 10. CO2 emissions (kgCO2/m2·a) for 6 analyzed technical modernization variants of the
considered buildings.

Building
CO2 Emission Factor [kgCO2/m2·a]

I II III IV V VI

2 Krasinskiego 177 46 33 31 21 6

3 Piastowska 96 39 30 27 20 9

11 Mieszka I 89 41 28 26 21 15

27 Mickiewicza 75 34 29 27 20 13

20 Janickiego 135 27 19 23 18 0

36 Rostworowskiego—1 section 139 29 20 26 21 4

17 Brzozowskiego—1 section 148 30 20 28 23 2

 

Figure 13. CO2 emissions (kgCO2/m2·a) for 6 analyzed technical modernization variants of the
considered buildings, source: authors—prepared by A. Turecki.

The very low emission values for variant VI buildings in Szczecin with the application
of PV systems are due to the low height of the buildings—they are three storeys high, which
means that a larger amount of PV panels can be used per 1 m2 of flat space.
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Each modernization variant has financial implications. In our case, this is the least
certain element of the analysis. The current inflation rates, interest rates on borrowed loans,
price turmoil in the market, volatility of energy prices, and in the case of some technologies,
rapid increases in efficiency with declining unit prices and volatility of the subsidy policy
make the financial analyses very uncertain. The AUDYTOR program also performs such
analyses. The solutions with the shortest payback times are preferred. The calculations
assume prices from 2021. The current prices are changing significantly. The current results
for 2021 should be taken as illustrative (Table 11, Figure 14).

Table 11. Net costs for technical modernization variants of the considered buildings (euros). Note:
T—total cost; III—envelope; IV—ventilation with recuperation; V—heat pump with GS; VI—PV.

Building
Nett Costs of Technical Modernization [Euro]

Total III IV V VI

2 Krasinskiego 390675 174303 39231 81949 95192

3 Piastowska 738344 330483 85350 172083 150427

11 Mieszka I 1377190 631761 190085 383763 171581

27 Mickiewicza 902017 395447 117829 209521 179220

20 Janickiego 330983 126951 41186 68829 94017

36 Rostworowskiego—1 section 132538 64641 16597 23682 27618

17 Brzozowskiego—1 section 102199 42940 14934 19645 24679

 

Figure 14. Net costs for technical modernization variants of the considered buildings (euros). Note:
T—total cost; III—envelope; IV—ventilation with recuperation; V—heat pump with GS; VI—PV,
source: authors—prepared by A. Turecki.
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As for energy and CO2 emissions, the results are presented as total values per 1 m2 of a
dwelling (Table 12, Figure 15). It is important to show these costs per capita, but such results
may also be uncertain, as these numbers are constantly changing (Table 13, Figure 16).

Table 12. Net costs for technical modernization variants per 1 m2 of usable area (euros/m2) for the
considered buildings. Note: T—total cost; III—envelope; IV—ventilation with recuperation; V—heat
pump with GS; VI—PV.

Building
Nett Costs of Technical Modernization of 1 m2 [Euro/1 m2]

Total III IV V VI

2 Krasinskiego 176 79 18 37 43

3 Piastowska 154 69 18 36 31

11 Mieszka I 118 54 16 33 15

27 Mickiewicza 128 56 17 30 25

20 Janickiego 224 86 28 47 64

36 Rostworowskiego—1 section 261 127 33 47 54

17 Brzozowskiego—1 section 243 102 35 47 59

 

Figure 15. Net costs for technical modernization variants per 1 m2 of usable area (euros/m2) in the
considered buildings. Note: T—total cost; III—envelope; IV—ventilation with recuperation; V—heat
pump with GS; VI—PV, source: authors—prepared by A. Turecki.
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Table 13. Net costs for technical modernization variants per inhabitant of the considered buildings
(euros/person). Note: T—total cost; III—envelope; IV—ventilation with recuperation; V—heat pump
with GS; VI—PV.

Building
Nett Costs of Modernization per Inhabitant [Euro/Person]

Total III IV V VI

2 Krasinskiego 6104 2723 613 1280 1487

3 Piastowska 4318 1933 499 1006 880

11 Mieszka I 3469 1591 479 967 432

27 Mickiewicza 4235 1857 553 984 841

20 Janickiego 4662 1788 580 969 1324

36 Rostworowskiego—1 section 5763 2810 722 1030 1201

17 Brzozowskiego—1 section 8517 3578 1244 1637 2057

 

Figure 16. Net costs for technical modernization variants per inhabitant in the considered buildings
(euros/person). Note: T—total cost; III—envelope; IV—ventilation with recuperation; V—heat pump
with GS; VI—PV, source: authors—prepared by A. Turecki.

4. Discussion

The renovation of existing multifamily housing developments has been described in
the scientific literature. As the articles come from different countries with different building
traditions and climate zones, the conclusions of the published research sometimes differ
significantly. It is advisable that recommendations be developed for all regions of Europe.

Adison et al. [39] presented the idea to extend the cost–benefit analysis approach
in context of the financial returns from energy efficiency measures. They proposed an
examination of factors such as the transaction costs and energy efficiency services. The
approach we proposed states that the introduction of solutions based on renewable energy
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sources is necessary to achieve a 55% reduction in CO2 emissions by 2030, even though the
costs are significant.

Lee et al. [40], based on very a large research sample (16,158) of old houses, selected
11 key input variables that affect the heating energy consumption. They referred to the
two main approaches involved in predicting building energy consumption: physics-based
models and data-driven models.

Our approach is closer to the second method. We used energy consumption data
provided by the owners of the analyzed buildings, information about the fuels burnt in
the local CHP plant in Bialystok, population registers from the Municipal Office, and
data collected in the building inventory. The energy performance was determined based
on calculations of typical energy consumption by the building’s built-in systems using
Audytor OZC 6.9 Pro software with an implemented calculation model in accordance
with the national methodology, corresponding to the requirements of EP and R Directive
2010/31/EU.

Lee’s key variables were the roof U-value, roof area, wall U-value, floor area, floor
U-value, year of completion, wall area, heating space area, boiler efficiency, window area,
and window U-value.

In our research, we considered the same factors; in addition, the Audytor software
requires the precise types and properties of the materials used in the building to be consid-
ered, including the location (by matching it with real climatic data and the geographical
azimuths of the building to calculate the solar radiation gains), the number of users, and
the building equipment, in order to calculate the internal energy gains. The electricity
production from the PV systems was calculated using the EU PV calculator.

As a main factor, we considered the building envelope thermal insulation values.
Jezierski et al. [41] examined the impacts of changes in these values on the energy demands,
heating costs, and emissions. They developed mathematical models based on these depen-
dences. The energy demands were assessed at three levels, corresponding to the maximum
required values as approved by Polish law in 2014, 2017, and 2021. Jezierski defined the
impact of changes in Polish building insulation standards in those periods, resulting in a
ca. 27% decrease in heating energy demands. In of our estimations, the buildings were
constructed in the years prior to energy efficiency standards, so increasing the insulation of
the building envelopes in the oldest housing estates could even result in 100% increases
in efficiency.

Jezierski et al. also took into account the different Polish building laws across different
areas of Poland based on climate zones; the locations of buildings according to climate
zones caused differences of up to 32.6% in energy demands. The Audytor OZC 6.9 Pro
software calculations were more precise thanks to the inclusion of building azimuths in the
calculation of solar gains.

Lu and Memari [42] presented a comparison of measurement methods for the thermal
transmittance of building envelopes. These methods were highly precise.

According to estimations for objective 1 (differences between the actual and expected
energy standards based on selected examples), it should be noted that the thermal insula-
tion works performed so far need to be improved (variant III). Modern insulation standards
are more stringent and another layer of insulation should be added to the walls and the
roof. It would be advisable to replace the windows—the previous double-glazed ones
had insulation values of U-value 1.3–1.6 W/m2 K—with newer triple-glazed ones with
a U-value of 0.8 W/m2 K. This will reduce the energy consumption per 1 m2 by approxi-
mately to 68–83% (the percentage reduction was calculated in relation to the existing state
(variant II). The next step is to improve the building’s ventilation system and replace the
existing gravity ventilation with a mechanical system with an energy recovery function
(variant IV). Despite the onerous nature of the work, which requires intervention inside
the flats, there is a need to replace all installations, as they are already at the end of their
useful life, and to introduce outdoor air filtration systems, as in many Polish cities smog
levels often exceed acceptable standards and because gravitational ventilation systems
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works ineffectively on warm days with temperatures above 25 degrees Celsius. Increas-
ingly frequent periods of hot summer weather will soon force the introduction of cooling
systems in flats and ventilation by opening windows will become unacceptable. This stage
of modernization will not reduce energy consumption very much—likely to 63–78% of
current values—but it is necessary for hygiene and well-being reasons. Significantly, greater
reductions in energy consumption will be achieved in variant V buildings through the
use of heat pumps with GSHP ground probes for general heating and water heating. This
technology will reduce energy consumption to 21–33% of current rates. In addition, it will
enable low-cost passive cooling of flats in summer. The last technology variant (variant VI)
involves the use of photovoltaics systems for electricity production. PV systems will be
installed on the flat roofs of buildings. The scale of reduction will depend on the number
of storeys—in lower 3–4-storey buildings, it will be higher at 0–6%, in 5-storey buildings
it will be 10%, and in 11-storey buildings it will be about 17%. Of course, PV systems can
also be mounted on the walls of buildings, but due to the complications involved, this
possibility was not included in the study. However, the possibility of the future integration
of photovoltaics with insulating elements—creating BIPV wall cladding panels—should
be investigated, and work is also underway on thermo-photovoltaics systems that can
generate electricity and heat, improving the system’s efficiency via cooling.

Application of technology variants III–VI will reduce energy consumption levels in the
analysed buildings by 83–100% compared to present levels (the building at 20 Janickiego St.
would even become energy-positive).

According to objective 2 (relating to the CO2 emissions connected with energy con-
sumption, in particular modernization variants, under EU “Fit For 55” targets), the tools,
procedures, and calculations used in the article are compatible with Polish building law
standards. The novel method we introduced in the article is a reference for building energy
efficiency level and CO2 emission measurements, which is compatible with the goals of
the EU’s newest “Fit For 55” program. Additionally, we have proposed a procedure for
estimating the modernization needs of communist era blocks of flats that can be applied
to all such habitable resources throughout the country, along with estimations of future
technical standards.

The Energy Forum Agency (VI 2021) states that heating buildings resulted in emissions
in 1990 of 35.2 million tonnes of CO2, while by 2018 this had been reduced to 35.1 million
tonnes—a reduction of just 0.2% [43]. The “Fit For 55” target will, therefore, require a
reduction of 19.1 million tonnes of CO2 by 2030. The restructuring of heating systems in
single-family houses, which has been occurring for several years—including the Polish
“Clean Air” Program—seems to be failing, so it is difficult to expect success in the sector of
single-family housing. It must be stated that the majority of measures to reduce greenhouse
gas emissions must be carried out in multifamily buildings and in public sector buildings.

The assumptions of replacing coal with gas in the energy mix also need to be re-
vised, as the current perturbations in the gas supply market caused by Russia’s war with
Ukraine show.

In order to achieve the overall reduction target of 55% in this sector, much higher indi-
vidual levels of reduction must be achieved, especially as this 55% is only an intermediate
target for 2030, with the final target being climate neutrality by 2050. This means in practice
the implementation of zero-carbon architecture based on the use of renewables and clean
sources of energy.

The calculations (in relation to the existing state—variant II) show that retrofitting
a building’s envelope (variant III) will reduce CO2/m2·a emissions to 65–85% of the
present level, introducing mechanical ventilation with recuperation (variant IV) will re-
duce emissions to 63–78% of the present level (no recuperation was proposed in Szczecin
due to the status of historical monuments), using GSHP (variant V) will reduce emis-
sions to 46–57% of the present level (except for buildings in Szczecin with smaller reduc-
tions), and adding PV systems on roofs (variant VI) will reduce emissions to 0–39% of the
present level.
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To meet the “Fit For 55” target of reducing CO2 emissions by 55% compared to the
1990 levels, both improvements in building envelope insulation and the use of available
renewable energy technologies are required.

Examining objective 3 (including an analysis of the results with reference to the income
level of the population to answer the question of whether the modernization of all such
housing in Poland is possible with the residents’ own resources, and if not to what extent it
is necessary to provide external funds), we conclude that the costs of technical retrofitting
per 1 m2 with the use of all available technical means in the analysed buildings, depending
on their historical status and size, are as follows: in lower 3-storey historical buildings in
Szczecin, this will be highest at 224–261 E/m2; in 4-storey traditional construction buildings
such as 2 Krasinskiego St. this will be 176 E/m2; in 5-storey prefabricated buildings such as
3 Piastowska St. this will be 154 E/m2; and in large 11-storey buildings this will be lowest
at 118–128 E/m2.

These figures need to be recalculated according to the number of inhabitants in order
to show the level of potential financial involvement. The calculated structural costs with
the use of all available technical means in the analyzed buildings per 1 inhabitant are
similar to the costs per 1 m2. In the analyzed buildings, they are as follows: 2 Krasinskiego
St.—6104 E/person; 3 Piastowska St.—4318 E/person; 11 Mieszka I St.—3469 E/person;
27 Mickiewicza St.—4235 E/person.

Unfortunately, no extracted data were extracted on the families and the occupational
activities of the residents, some of whom may be pensioners. We also do not know how big
the flats are that they occupy.

We can only assume with a large margin of error that the average net salary in Poland
is currently around 900 E, so the costs of the abovementioned retrofitting per person would
be at the level of 4–7 monthly net salaries. However, it should be assumed that not all people
work and some receive low pensions, and probably a significant part of the population
would not be able to cover the costs of retrofitting.

The renovation project should be subsidized by the government and grants from the
EU “Renovation Wave” program.

5. Conclusions

1. In multifamily buildings, we should achieve higher levels of CO2 reductions than
the expected 55% target of “Fit For 55” program because the rate of reduction for
single-family housing will be probably much lower, especially as this 55% is only an
intermediate target for 2030, and the final target is climate neutrality by 2050.

2. CO2 reductions of over 55% are possible by retrofitting building envelopes and
introducing three available and proven technologies: recuperation (in buildings with
historical monument status, this will not be advisable), renewable energy sources
(e.g., heat pumps extracting heat from the ground), and photovoltaics.

3. The predicted costs of this retrofitting project per 1 m2 are as follows: in lower 3-
storey historical buildings the costs are estimated at 300 E/m2; in 4-storey traditional
construction buildings at 200 E/m2; in 5-storey prefabricated buildings at 160 E/m2;
and in large 11-storey buildings at 120–150 E/m2.

4. The predicted costs of this retrofitting project per inhabitant, depending on the build-
ing, are ca. 4000–6000 E.

5. A significant percentage of the inhabitants will likely not be able to cover such costs,
and renovations should be subsidized by the government and grants from the EU
“Renovation Wave” program.

The crucial conclusion of the article is that modernist housing developments, such as
those built in Szczecin in 1918–1925 and in Bialystok in 1950–1990, represent a significant
portion of existing multifamily buildings. Some of these buildings have architectural her-
itage, although they are substandard in many aspects; functionally, aesthetically, technically,
and ecologically they do not meet current energy standards. Research into improving
their envelopes, into modern ventilation and heating technologies, and into photovoltaics
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systems should be pursued. Renovations can include the use of renewable energy sources.
The well-being of residents is also important, meaning the quality of apartments should be
increased. The aim of the research was to analyze the renovation options in terms of energy
efficiency, CO2 emissions, and basic costs of the works.

The simplified energy calculation method was used to check the present buildings’ en-
ergy demands to compare them with retrofitting results. We considered several retrofitting
possibilities—minimal retrofitting fulfilling current standards, medium retrofitting with
changes to the heating sources, and maximal retrofitting with the use of photovoltaics
systems. The results show that without EU financial aid, which will soon be introduced
under the “Renovation Wave” program, such modernization will be difficult, and CO2
emissions reductions of 55% of the 1990 levels by 2030 will be impossible.
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