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Abstract: The refurbishment of school buildings offers the opportunity to reduce energy 

consumption and carbon emissions, which positively influences the reduction of environmental 

impact. It is also important to remember to maintain or enhance the comfort of the users of such 

buildings. This paper presents a systematic review of the state of the art on current trends and low-

carbon technical, operational and behavioural methods used in the refurbishment of school 

buildings in cool temperate climates. This subject matter is positioned at the interface of architecture 

and environmental engineering. This study identifies the most commonly used active and passive 

refurbishment methods, as well as the research gaps and problems of applied solutions, and 

demonstrates the most likely and cost-effective optimisation directions in existing schools. 

Keywords: literature review; refurbishment; low-emission schools; energy-saving equipment and 

technologies; zero-carbon building; carbon neutrality 

 

1. Introduction 

The design of climate-neutral buildings has become a crucial direction for the construction sector 

over the past decade, mainly due to the desire to reduce the production of greenhouse gases, which 

is a fundamental civilisational challenge. Existing buildings in particular have a very high potential 

for implementing decarbonisation strategies, due to the elimination of some of the steps involved in 

erecting structural systems. The average contribution of embodied, operational and demolition-

related CO2 emissions over the life cycle of a building is assumed to be, respectively, 24%, 75% and 

1% [1]. Using the example of the European Union, it can be estimated that 85% of buildings were 

constructed before the year 2000, and 75% of them have poor energy performance [2]. This is 

particularly important in the public buildings sector due to the increasing costs of maintenance and 

upkeep of outdated buildings. In schools, the comfort of the occupants is another crucial aspect, with 

a particular focus on internal temperature and lighting to improve student productivity [3]. 

Maintaining balance between energy performance and comfort is crucial for proper refurbishment, 

but it is also highly demanding because multi-aspect simulation analysis is necessary. The impact of 

the different aspects can vary depending on the climate zone in which the building is designed [4]. 

For buildings in cool and cold temperate climates, the main aspect is to reduce heat loss and protect 

against cold. In warm and hot climates, the risk of overheating and increased indoor humidity are far 

more important. Each climate requires different decarbonisation strategies, which is why the review 

presented in this paper focuses on the cool temperate climate. We should also remember that apart 

from aspects of energy performance and user comfort, some buildings require greater attention to be 

paid to conservation and restoration matters. This is also linked to historical, cultural, artistic and 

societal benefits [5]. The literature review presented here does not include an analysis of the special 

needs of historic buildings and their impact on decarbonisation strategies. 
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2. Research Aim 

The objective of this study was to analyse solutions that minimise the carbon footprint of school 

buildings that undergo refurbishment while accounting for their distinctive needs and user 

determinants. By restricting the query to the cool temperate climate, it was possible to narrow down 

the research area and to propose dedicated solutions for buildings located, for example, in Central 

Europe, which is characterised by a school building stock in dire need of refurbishment. A review of 

the literature identified the most effective interventions, divided into three main categories of 

intervention: technical, operational and behavioural [6], including both passive and active measures. 

Of course, national regulations and heritage conservation are not insignificant, but the following 

analysis does not take these criteria into account. The results of the analysis were intended to serve 

as the basis for recommendations to support an efficient and sustainable approach to refurbishing 

school buildings. 

3. Materials and Methods 

In research, the choice of an appropriate literature review method is crucial to correctly identify 

research gaps, particularly when dealing with interdisciplinary issues. Due to the broad scope of the 

subject matter under investigation, which includes issues from the disciplines of architectural 

engineering and environmental engineering, and the need to include different perspectives, the 

systematic literature review method was used. This method allows very large information sets from 

different scientific fields to be reviewed and allows the prioritisation of future research while 

ensuring the reliability and transparency of the process [7]. 

3.1. Building Intervention Categories 

Building interventions can be divided into three main categories: technical, operational and 

behavioural, which are characterised by different challenges and possibilities. 

Technical interventions based on the renovation, remodelling or refurbishment of a building are 

characterised by high cost but also contribute the most to lowering the final energy consumption. 

These can include the use of high-efficiency mechanical ventilation systems with heat recovery, 

modern energy-efficient pumps, fans, LED lighting or high-performance heat sources. However, the 

most popular solution is to improve the thermal insulation of the building envelope, which reduces 

heat loss in winter and limits overheating in summer. Technical interventions can also include the 

use of renewable energy sources and electric vehicle charging stations. 

Operational interventions focus on adapting the management of the building and its various 

systems to best optimise energy performance and user comfort. The automation of temperature, 

lighting intensity or the functioning of hybrid ventilation are the most common examples of this type 

of intervention. However, these can also include water saving and storage systems, or simply regular 

maintenance and calibration of the systems to enhance their efficiency [8]. BEMS (Building Energy 

Management System) can be highly useful to control these elements, as can the Digital Twin, which 

gives a quick diagnosis of problem areas in the systems and the building as a whole [9]. 

The final category is behavioural interventions, which involve changing the habits of users, 

which can have a measurable effect in terms of energy savings at potentially low cost. Actions that 

can be taken in this regard include educational campaigns, incentive programmes and competitions 

concerning energy and water saving, which, especially for school pupils, can be great form of playing 

and fostering healthy competition. The main challenge is the required major effort of the school 

authorities and staff in organising such events. 

Alternatively, another division of refurbishment interventions that is often used in the literature 

features passive and active measures. The two are complementary, but the balance between them 

depends largely on the local conditions of the building and the financial means of the institution. 

Passive strategies are based on the physical properties of the building and its surroundings, and the 

maximum reduction of energy losses without the need for advanced technology. These include 
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improving the insulation and airtightness of the building, optimising glazing and solar gains, 

utilising thermal mass, natural ventilation and shading systems. Active solutions, on the other hand, 

mainly focus on the use of advanced equipment and automation of systems in the building. Good 

examples are the optimisation of HVAC systems, the use of energy-efficient appliances and lighting, 

building energy management systems (BEMS) and building automation. RES-related solutions 

should also be mentioned here. 

3.2. Selection of Publications 

The selection of research publications in the field of school refurbishment was carried out using 

the Scopus search engine, which is the world’s largest database with more than 90 million records. 

(https://blog.scopus.com/posts/scopus-now-includes-90-million-content-records Access: 07.02.2025) 

Keywords used in the first phase of the search include the following phrases: ‘school retrofit’, ‘school 

modernization’ ‘educational building upgrades’, ‘low-carbon refurbishment’, ‘sustainable school 

renovation’, ‘energy-efficient school’. The query was limited to the last 20 years, with a particular 

focus on articles published in the last five years, which account for the majority of the works cited. 

The review was carried out in December 2024. The search results yielded a total of 1,397 publications, 

but after an initial screening that included the removal of duplicates, an analysis of titles, keywords 

and abstracts, the number of publications was reduced to 336. The final stage involved evaluating the 

full texts for falsifiability, eliminating articles for sites in climates other than those discussed or for 

newly designed buildings or for a different type of site. The final result was to limit the review to 120 

publications. Table 1 shows all case studies published in scientific articles and books, excluding 

conference publications and strictly technological issues. A total of 49 publications were listed for 

which the table specifies the geographical area, year of publication, type of analysis performed and 

subject matter. To classify the country of origin of a publication, the ISO Standard 3166 A-3 (“Country 

Codes on the Online Browsing Platform (OBP)”. International Organization for Standardization. 

Archived from the original on 17 June 2016. Retrieved 18 September 2018), which defines the country 

nomenclature using three letters, was used. 

Table 1. List of analysed references. 

Refs Location Year Assessment Performance Journals 

[10] 

[11] 

[12] 

[13] 

[14] 

[15] 

[16] 

[17] 

[18] 

[19] 

[20] 

[21] 

[22] 

[23] 

[24] 

[25] 

[26] 

[27] 

[28] 

[29] 

[30] 

CAN - Montreal, 

Ottawa, Halifax 

CHN - Yezhai 

DEU - Würselen 

POL - Krakow 

BEL  

GBR  

GBR  

SVK - Košice 

GBR  

GBR  

GBR  

NPL - Kathmandu 

USA  

CAN - Montreal  

CHN - Yulin 

Ghent 

GBR  

SRB - Zaječar 

GBR  

AUT - Innsbruck 

2024 

2024 

2024 

2024 

2024 

2024 

2023 

2023 

2023 

2023 

2023 

2023 

2023 

2023 

2022 

2022 

2022 

2022 

2022 

2022 

2021 

Calculated 

Calculated 

Calculated, 

Measured 

Calculated, 

Measured 

Calculated 

Calculated 

Calculated 

Measured 

Measured 

Calculated 

Calculated 

Calculated, 

Measured 

Calculated 

Calculated, 

Measured 

Calculated 

Calculated, 

Measured 

Energy, LCA 

Energy 

Energy, IAQ 

IAQ  

LCC 

IEQ  

IEQ  

IAQ  

IAQ, TC 

Energy, LCC 

IAQ, TC 

TC 

Energy, LCA 

Energy, TC 

IAQ, TC 

IAQ, TC 

IEQ  

TC 

Energy 

Energy, TC 

Energy 

Journal of Building 

Engineering 

Smart Cities 

Journal of Building 

Engineering 

Energies 

Energy and Buildings 

Building and Environment 

Energy and Buildings 

Environmental Monitoring 

and Assessment 

Sustainability (Switzerland) 

Journal of Engineering, 

Design and Technology 

Journal of Building 

Engineering 

Energies 

Energy and Buildings 

Building and Environment 

Sustainability (Switzerland) 

Building and Environment 
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[31] 

[32] 

[33] 

[34] 

[35] 

[36] 

[37] 

[38] 

[39] 

[40] 

[41] 

[42] 

[43] 

[44] 

[45] 

[46] 

[47] 

[48] 

[49] 

[50] 

[51] 

[52] 

[53] 

[54] 

[55] 

[56] 

[57] 

[58] 

[59] 

  

POL - Trębowiec 

USA - Urbana 

USA - Arlington 

UKR - Kyiv 

DNK - Odense 

ITA - Lombardy 

POL  

ITA - Lombardy 

CHN - Tianjin 

ITA - Turin 

Worldwide  

KAZ  

SWE - Helsingborg 

AUT - Vienna 

DNK - Kopenhaga 

ITA - Lecco 

USA - Maryland 

ITA - Castelfranco 

Veneto 

GBR  

FRA - Alsace 

DEU - Munich 

AUT  

GBR - London 

POL - Białystok 

ITA - Lombardy 

ITA - Lombardy 

POL - Wielka Wieś 

DEU - Stuttgart 

Worldwide  

POL - Gródek nad 

Dunajcem 

2021 

2021 

2021 

2020 

2020 

2020 

2020 

2020 

2019 

2019 

2018 

2018 

2018 

2018 

2017 

2017 

2017 

2016 

2016 

2015 

2014 

2014 

2014 

2013 

2013 

2012 

2012 

2011 

2008 

Calculated 

Calculated, 

Measured 

Calculated 

Measured 

Calculated, 

Measured 

Calculated 

Measured 

Calculated 

Calculated, 

Measured 

Calculated, 

Measured 

Calculated, 

Measured 

Calculated, 

Measured 

Calculated 

Calculated, 

Measured 

Measured 

Calculated 

Calculated, 

Measured 

Calculated 

Calculated, 

Measured 

Calculated 

Calculated 

Calculated, 

Measured 

Calculated 

Calculated, 

Measured 

Calculated, 

Measured 

Calculated, 

Measured 

Calculated 

Calculated, 

Measured 

Calculated, 

Measured 

Calculated, 

Measured 

Calculated, 

Measured 

Calculated 

Calculated 

Calculated, 

Measured 

Energy 

Energy, IAQ 

TC 

Energy 

Energy 

Energy 

Energy, 

LCA, TC 

Energy 

Energy, LCA 

LCA 

Energy, DA, 

TC 

Energy, DA 

Energy 

Energy, TC 

Energy, LCC 

Energy, TC 

Energy 

Energy 

IAQ 

Energy, TC 

Energy 

Energy, LCA 

Energy 

Energy, IEQ 

Energy, IEQ 

Energy 

Energy 

Energy, TC 

Energy 

Buildings and Cities 

Thermal Science 

Buildings and Cities 

Energy Efficiency 

Energies 

Energy and Buildings 

ASHRAE Journal 

Rocznik Ochrona 

Środowiska 

Applied Sciences 

(Switzerland) 

Book chapter 

Energies 

Book chapter 

Energy and Buildings 

Building and Environment 

Journal of Cleaner 

Production 

Book chapter 

Lighting Research and 

Technology 

Buildings 

Science and Technology for 

the Built Environment 

Energy and Buildings 

Journal of Green Building 

Book chapter 

Energy 

Indoor air 

Building and Environment 

Book chapter 

International Journal of 

Sustainable Built 

Environment 

Energy and Buildings 

Energies 

Energy and Buildings 

Environment Protection 

Engineering 

Building and Environment 

International Journal of 

Ventilation 

Environment Protection 

Engineering 
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3.3. Publication Analysis 

The charts below show various aspects of the publications selected and the quantitative 

characteristics of the set under analysis. An analysis of the 49 selected publications showed that 

research into school building refurbishment in cool temperate climates has intensified in recent years, 

which is undoubtedly linked to the global introduction of legislation on reducing emissions by the 

construction sector. (Figure 1a) 

The subject matter discussed in the studies (Figure 1b) mainly focused on analysing energy 

consumption (35). Especially in the last few years, the number of studies on thermal comfort (15) and 

indoor air quality (9) has increased. The issues discussed least frequently, but which were observed 

to be gaining in importance and are expected to attract the attention of researchers in the coming 

years, are life-cycle assessment (6) and life-cycle cost (3). 

  
(a) (b) 

Figure 1. Publication statistics: (a) Number of publications per year; (b) Performance type. 

Due to the climate criterion, which considerably limits the research area, it can be said that the 

majority of studies were carried out in European countries, followed by North America. (USA – 4, 

CAN – 2) and a few cases from Asia, mainly China (CHN – 3). (Figure 2a) In Europe, the UK lead the 

way (9) with highly extensive quantitative and qualitative analysis, aided by a well-documented and 

classified educational building stock. The second-most active European country was Italy (7), but due 

to the climatic aspect, only its northern part. Should a more broad spectrum of literature analysis be 

taken, Italian researchers would have been global leaders in term of the number of publications. 

Polish (6) researchers, in most cases, focused on energy retrofits and indoor air quality solutions, 

which is related, in the first case, to the limited financial capacity of Polish schools for possible 

refurbishment interventions and, in the second aspect, to the air pollution in Polish cities and its 

impact on student performance. A holistic approach to refurbishment and the formulation of 

dedicated scenarios is undoubtedly a research niche for the whole of Central and Eastern Europe. 

Here it is worth mentioning the efforts in Germany (3), Austria (3) and Denmark (2), which exemplify 

this approach. Interest in this subject in Europe is expected grow due to the very large number of 

school buildings built in the late 20th century, mainly after the Second World War, which require 

urgent refurbishment. 
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(a) (b) 

Figure 2. Publication statistics: (a) Publications by country; (b) Journals with references related to the subject 

under analisis. 

The articles analysed here were published in 24 different academic journals (Figure 2b), but 

almost 60% featured one publication each. On the other side of the scale are Energy and Buildings 

(8), Building and Environment (6), Energies (5) and the Journal of Building Engineering, all of which 

show a strong interest in the topics discussed. It is also a clear indication to authors who focus on the 

issue of school refurbishment that key articles are primarily published in journals associated with 

Elsevier and MDPI. 

4. Results – Methods and Strategies for Intervention in Buildings 

The results below provide a detailed breakdown of the refurbishment interventions applied and 

studied in the articles referenced (Table 1) and supplemented in the text by conference proceedings, 

which are also related to the topic, but were excluded from the main comparison table due to their 

low depth. In addition, the references were divided by Assessment Type. This will allow researchers 

who use this distinction to choose between calculated, calculated and measured, and solely measured 

data. Due to the narrowing of the research field to school buildings in cool temperate climates, some 

of the advanced solutions and technologies generally used in public buildings are not detailed here. 

This does not rule out testing such solutions in future studies. In the following compilation, the 

author also tried to list those alternatives that display potential for use in school facilities. 

4.1. Building Envelope Refurbishment 

Envelope refurbishment is one of the most frequent intervention in buildings and it is possible 

to enhance the thermal insulation of partitions by as much as 70%, which significantly improves a 

building’s energy performance. Insulating the roof with polyurethane (PUR) foam is one of the most 

effective methods of reducing heat loss [47]. Another key element is the walls, which in most cases 

are insulated with mineral wool, polystyrene or polyisocyanurate (PIR) panels. It should be noted 

here that mineral wool has beneficial fire protection properties, which in many countries is a decisive 

factor in choosing this material. In buildings that undergo refurbishment, especially those under the 

supervision of a heritage conservation officer, it is often necessary to use special internal insulation 
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systems that do not lead to moisture condensation within the envelope element. When discussing 

building insulation methods, we should also mention modern insulation materials that are not 

featured in the articles referenced, but that are used in public and commercial buildings. These are 

solutions with very high thermal performance, but are used very rarely due to their high cost, 

difficulty of installation and durability. Vacuum insulation panels (VIP) or phase change materials 

(PCM) can be used where standard thick insulation is not possible [60]. For example, 2 cm of VIP is 

capable of replacing 20 cm of mineral wool. Aerogel has much greater economic potential, with the 

added advantage of being semi-transparent, providing new opportunities for better room insolation. 

In many buildings, due to limited costs and a lack of adequate knowledge of building physics, 

only thermal refurbishment is used, without appropriate adjustments to mechanical or natural 

ventilation. Studies show that this frequently leads to a deterioration in occupant comfort related to 

air quality, temperature and humidity [61]. 

Thermal bridges in existing buildings are often very difficult or in many cases impossible to 

neutralise. However, due to the high heat losses, which in some cases can increase heating demand 

by 20%, designers should pay much more attention to minimising their impact on the building [62]. 

Of course, the spatial calculation of thermal bridges requires the use of sophisticated simulation 

software and appropriate skills. Project budgets often do not include such analyses, and local laws in 

many countries do not require them. This, in turn, is an indication that the awareness of designers 

and project owners should be raised in this regard[63]. 

Table 2. Summary of building envelope refurbishment aspects. 

Building 

Element 
Solution 

Assessment Type - Refs 

Calculated 
Calculated, 

Measured 
Measured 

Walls 

Mineral wool (15–25 

cm) 
[10,15,20,28,33,41,43,45,46,52,58] 

[21,27,30,34–

37,39,47] 
[40] 

Styrofoam (12–20 

cm) 
[11,22,48] [37,53–55]  

PIR insulation panels 

(10–15 cm) 
 [34] [40] 

Roof 

Polyurethane (PUR) 

foam (20–30 cm) 
[15,28,33,41,43,45,46,52,58] [30,39,47,54]  

Mineral wool (15–25 

cm) 
[10,22,48] [21,53,55]  

Ground 

floor and 

foundation  

XPS panels (10–15 

cm) 
[15,46,48] [30,36,47,55]  

Thermal 

bridges 

Elimination of 

thermal bridges 
[28] [30,35,36]  

4.2. Improving a Building’s Airtightness 

The airtightness of a building has been proven to significantly reduce heating and cooling energy 

demand. The use of appropriate sealing tapes, plasters and airtight installation of windows and doors 

is very important and it is one of the cheapest ways to improve energy efficiency. Vacuum and 

positive pressure tests are required when carrying out construction work. At the time of inspection, 

it is relatively easy to find problem areas that need to be sealed [64]. It should be mentioned that the 

sealing of the building must be closely linked to the provision of an adequate system of efficient 

mechanical ventilation and occupant comfort to avoid deterioration of indoor air quality and 

excessive humidity that causes mould. 
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Table 3. Summary of airtightness aspect. 

Solution 

Assessment Type - Refs 

Calculated 
Calculated, 

Measured 
Measured 

Additional sealing to prevent heat loss [46,52] [27]  

4.3. Window and Door Refurbishment 

School buildings require very good daylighting in classrooms. A minimum window-to-floor-

area ration is a standard requirement. In Poland, for example, the minimum value is 12.5%, but for 

educational buildings recommendations are as high as 20–25% [65]. In this case, it is necessary to 

ensure adequate thermal insulation with triple-glazed windows, combined with an optimal choice of 

g-value (total solar energy transmission), ensuring a balance between thermal gains from solar 

radiation and the risk of overheating a room [66]. The appropriate choice of glazing parameters 

should be preceded by calculations and preferably by a dynamic simulation [67]. 

Table 4. Summary of window and door refurbishment aspects. 

Solution 

Assessment Type - Refs 

Calculated 
Calculated, 

Measured 
Measured 

Triple-glazed windows with 

krypton/argon (U = 0.8–1.2 W/m²K) 
[22,26,41,43,45,46,52] 

[35–

37,39,47,54,55] 
[40] 

Low-E windows with reflective 

coating 
[26,52] [36,47,55]  

Anti-draught doors, thermally and 

acoustically sealed 
[46] [47]  

4.4. Retrofitting of HVAC Systems (Heating, Ventilation, Air Conditioning) 

4.4.1. Heating and Cooling Retrofits 

In a cool temperate climate, the key issue is to ensure that the building is correctly heated. In 

standard buildings, heating energy accounts for up to around 50% of the total energy demand, 

prompting the use of more efficient systems. Different locations have varying access to energy 

sources, some of which include natural gas or other fossil fuels, but electricity is an increasingly 

common medium. A study in Germany showed that the type of energy source can account for 34% 

of the difference in heating energy consumption [57]. Of course, the cost-effectiveness of different 

solutions is highly dependent on current market prices, which are directly linked to the geopolitical 

situation and are difficult to predict. Therefore, it is advised to use renewable energy sources that are 

available on site, which minimises the shock of possible price spikes. This solution is particularly 

recommended with all types of heat pumps, which, despite being three or four times more efficient 

than conventional systems, consume a lot of electricity. Ground source heat pumps with horizontal 

and vertical collectors make it possible to use soil temperature for both heating and cooling in a highly 

eco-friendly manner, but due to the area of land needed for the installations and the per-unit price, 

this solution is often not affordable for school facilities [56]. Regarding the types of heat emitters, it is 

still standard in refurbished schools to use under-window radiators to reduce the sensation of 

draught and radiated cold from windows. However, by replacing windows with their energy-

efficient triple-glazed versions, this can be dispensed with in favour of more efficient low-

temperature or air-source surface heating and cooling [34]. In each of the cases mentioned, smart 

control of the internal temperature adapted to the users’ preferences is a relatively budget-friendly 

and mandatory solution [30]. 
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Various technologies related to passive heating and natural ventilation can be found in the 

literature, which did not appear in the articles under study, but are worth mentioning because of 

their favourable energy-related characteristics. The Trombe wall is a simple and effective solution for 

using solar energy to heat buildings. It consists of a high-mass accumulation wall (e.g., made of 

concrete or brick) and glazing that creates a greenhouse effect. During the day, the wall stores heat 

and at night it gradually releases it to the interior, stabilising the temperature and reducing energy 

consumption for heating [68]. Solar chimneys improve indoor air circulation by harnessing the heat 

of the sun. They consist of a vertical duct with glazing that is heated by the sun. Warm air rises 

upwards and is removed, creating a vacuum that draws in fresh air from outside. This system 

improves air quality, reduces humidity and reduces the need for air conditioning [69]. 

Table 5. Summary of heating and cooling retrofit aspects. 

Solution 
Assessment Type - Refs 

Calculated Calculated, Measured Measured 

Air-to-air, air-to-water 

heat pumps (COP = 3.5–

4.2) 

[10,11,15,16,22,28,38,41,45,48,58] [27,35,55] [40] 

Ground source heat 

pumps with horizontal 

or vertical collectors 

 [37,56] [32] 

Condensing boilers, gas-

powered (98% 

efficiency) 

[48,52,57] [27,36,37,56] [40] 

Biomass boilers with 

heat storage (3000–5000 l 

buffers) 

 [30]  

Low-temperature 

surface heating and 

cooling 

[15] [34]  

Smart temperature 

controllers in every 

room 

[28,38,41,43,46,48,58] [25,30,34,36,37,42,50,53] [32] 

4.4.2. Ventilation 

Ventilation in a building plays an extremely important role in terms of ensuring occupant 

comfort and the indoor environment quality. Classrooms, due to their high density of people, are 

specifically very vulnerable to dynamic increases in carbon dioxide levels and temperature. A timely 

response to these changes is crucial, making the installation of sensors to monitor volatile organic 

compounds (VOCs) and measure temperature invaluable [70]. In educational buildings subjected to 

a refurbishment, the primary solution is to use natural ventilation due to its low operating costs and 

ease of application. However, it is mechanical ventilation that is often preferred due to its ability to 

take advantage of heat recovery and dynamic air mass flow management [49]. In many cases, the 

most optimal solution is hybrid ventilation, which, under favourable circumstances, is able to exploit 

the advantages of both strategies. However, the shared element here is the use of automation and 

real-time control [13]. 
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Table 6. Summary of ventilation aspects. 

Ventilation 

Type 
Solution 

Assessment Type - Refs 

Calculated Calculated, Measured Measured 

Mechanical 

Installation of heat 

recovery systems 

(70–90% recovery) 

[11,14,20,28,33,43,45,46,52,58] [12,27,35,36,44,47,49,50,53,54] [18,32] 

Introduction of 

HEPA and carbon 

filters to improve 

air quality 

[46] [49]  

Dynamic airflow 

management 

depending on the 

number of people 

[14,46,48] [25,49,50] [32] 

CO₂, humidity, 

VOC sensors for 

automatic 

ventilation 

adjustment 

[14,16,20,26,46] [12,25,34,36,47,49,50,54] [32] 

Natural  

Optimisation of 

window placement 

and opening – 

determining the 

most effective 

ventilation 

patterns for 

classrooms 

[20] [13,21,44]  

Application of 

seasonal 

ventilation 

strategies – 

different 

ventilation 

strategies in 

summer and 

winter 

[24] [13,44]  

Designing windows 

for natural 

ventilation (larger 

ventilation openings, 

opening top and 

bottom leaves) 

 [21]  

Use of 

underground 

ventilation ducts 

with constant flow 

temperature 

[24] [12]  

CO₂ monitoring in 

naturally 

ventilated 

classrooms 

[24] [44]  

Hybrid  
Automatic 

window control – 
[20] [12,13,27] [18] 
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opening and 

closing windows 

in response to CO₂ 

concentration and 

temperature 

Integration of 

mechanical 

ventilation with 

natural ventilation 

 [13,27]  

4.5. Installation of Building Energy Management Systems (BEMS) 

The installation of a BEMS is a key part of optimal building refurbishment due to the ability to 

control the current control and energy consumption of individual active systems. Furthermore, based 

on this data, problem areas can be quickly located and appropriate changes made [71]. It is worth 

mentioning here the potential use of the Internet of Things (IoT) for data collection and potentially 

sustainable energy management in classrooms. By using inexpensive microcontrollers and sensors to 

monitor environmental parameters that collect data and then transmit it over a Wi-Fi network, all 

parameters can be monitored in real time, very conveniently and quickly [72]. 

Table 7. Summary of BEMS solutions. 

Solution 
Assessment Type - Refs 

Calculated Calculated, Measured Measured 

Central control of HVAC, heating and lighting [11,28,31,43,46,48] [30,34,35,37,47,50,54,55] [32] 

Remote monitoring of energy consumption and 

real-time data analysis 
[11,19,28,52] [35,50,56] [18,32] 

Automatic adjustment of energy consumption 

to the number of users 
[31,43]   

Integration of smart algorithms to optimise 

energy consumption 
[20,31] [30,55]  

4.6. Lighting Retrofit 

Educational buildings have a very high potential for savings through the wise use of daylight 

and artificial lighting. The primary form of intervention in this case is to replace the lighting fixtures 

with energy-efficient LEDs [73]. However, by combining this solution with the installation of 

occupancy sensors in secondary spaces such as corridors, toilets and ancillary rooms, or lighting 

control tailored to the students’ diurnal rhythm, very significant savings can be achieved. Studies 

have shown that these savings can be as high as 85%[74]. It is important to remember that retrofitting 

lighting is not only designed to reduce electricity consumption, but is an excellent opportunity to 

improve the visual comfort of students and teachers, which can significantly enhance the quality of 

learning in class and the level of student focus [75]. 

Table 8. Summary of lighting retrofit aspects. 

Solution 

Assessment Type - Refs 

Calculated 
Calculated, 

Measured 
Measured 

Replacement of fluorescent lamps with LEDs 

with variable colour temperature (2700K–5000 

K) 

[16,19,22,31,45,52] [23,39,42,50] [32] 

Installation of occupancy and daylight sensors [16,19,31,45,52] [39,50,54] [32] 
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Lighting control tailored to pupils’ diurnal 

rhythm and required intensity 
[16,19,43,48] [23] [32] 

Analysis of the effect of lighting on pupils’ 

concentration (cortisol tests) 
 [42]  

4.7. Installation of Renewable Energy Source-Based Systems (RES) 

Due to the mass use of electrically powered equipment in a building, integrated photovoltaic 

systems are well known and very attractive to the building sector[76]. They are a good solution for 

schools in particular, which operate mainly during daytime hours to maximise the use of the energy 

produced. If usage profiles are extended, energy storage facilities or the use of the municipal grid are 

needed. There are a number of photovoltaic panel technologies under development that differ in 

application and efficiency, such as PVT, BIPV or perovskites, which are still being extensively 

researched [77]. There is also the possibility of using wind energy, but the efficiency of small wind 

turbines is uncompetitive in comparison to photovoltaic cells. 

Table 9. Summary of renewable energy aspects. 

Solution 

Assessment Type - Refs 

Calculated 
Calculated, 

Measured 
Measured 

Photovoltaic (PV) panels, 50–150 kWp [10,22,28,31,45,52] [35,39,54,55] [32] 

Energy storage systems to optimise auto 

consumption 
[10,45]   

4.8. Passive Cooling and Overheating Reduction Strategies 

Undoubtedly, when we consider the inevitability of climate change, building overheating and 

the need for passive and active cooling strategies are significant problems. Envelope refurbishment 

combined with insufficient air circulation in natural ventilation leads to an increase in average indoor 

temperature, which significantly worsens learning quality. Studies show that this can reduce 

cognitive performance by up to 11.6–25.4%. However, this can be effectively counteracted by 

installing static or kinetic shading or blinds as shading elements, using highly reflective, light-

coloured roof coatings or optimising night ventilation [15]. The use of green roofs can also reduce 

temperatures during hot days by up to 2–3 degrees [11]. However, we should remember that in areas 

with a higher heating demand, green roofs may perform worse on final energy consumption than 

conventional constructions [78]. Therefore, it is important to strike a balance between aspects related 

to energy consumption and indoor comfort. 

Table 10. Summary of passive cooling and overheating reduction strategies. 

Solution 

Assessment Type - Refs 

Calculated 
Calculated, 

Measured 
Measured 

Green roofs and facades – reducing ambient 

temperatures by 2–3 °C 
[11,26]   

Roofs with a high solar reflectance index (SRI) to 

reduce overheating 
[15] [21]  

Static and automatic roller blinds and sunblinds [15,16,26] [23,50] [18] 

Optimisation of night-time ventilation – 

automatic window opening 
[15,26] [23]  
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4.9. Optimisation of Room Layout and Indoor Environment Quality 

When refurbishing a building, it is important to bear in mind not only energy performance, but 

also the potential to rearrange its indoor space. Interventions targeting the envelope that create new 

space for individual or small group learning spaces allows us to adapt the building to new teaching 

methods and contemporary education requirements. Optimising daylighting and allowing greater 

visual contact with nature, increases comfort and improves the well-being of students, ultimately 

enhancing their performance [49]. Improving acoustic comfort through soundproof windows, 

appropriate partitions between classrooms and the corridor and interior finishing materials also have 

a very significant impact on improving the quality of teaching spaces [49]. 

Table 11. Summary of layout optimisation and IEQ aspects. 

Solution 

Assessment Type - Refs 

Calculated 
Calculated, 

Measured 
Measured 

Rearrangement of desks for better air 

circulation 
  [18] 

Adaptation of classroom layout to 

teaching methods that facilitate 

cooperation 

 [47]  

Improving acoustic insulation of building 

partitions to reduce noise in classrooms. 
 [47,49]  

4.10. Dynamic Modelling and Energy Performance Analysis 

Dynamic simulations, when used professionally, are undoubtedly a key tool that legitimises the 

selection of refurbishment scenarios and should become a standard in conducting building audits 

prior to any intervention[79]. In addition, the application of Building Information Modelling (BIM) 

methodologies to existing buildings opens up a very wide range of possibilities in terms of precision, 

the inclusion of maintenance history and actual system performance, and subsequent use of this 

information for energy simulations or life cycle assessment (LCA) [80,81]. 

Table 12. Summary of dynamic modelling aspects. 

Solution 

Assessment Type - Refs 

Calculated 
Calculated, 

Measured 
Measured 

Digital simulations in dynamic modelling 

programmes 
[16,22,33,38] [21,25,34]  

Testing of various refurbishment scenarios prior to 

implementation 
[16,20,22,48] [13,23,37] [40] 

Optimisation of refurbishment strategies to 

maximise savings 
[16] [34]  

4.11. Building Life Cycle Analysis (LCA) and Carbon Footprint Assessment 

A building’s life-cycle analysis is an increasingly important component of the decision-making 

process in building refurbishment [82]. This is due to the operational carbon and embodied carbon, 

the latter of which has the greatest impact during the enhancement of thermal parameters in building 

partitions. The results confirmed that the optimal solution in terms of costs also performs better in 

terms of environmental payback time. When assessing the payback time of a single intervention, 

lighting replacement and control automation has the least environmental impact and the quickest 

payback. Over the long term, attention should definitely be paid to renewable energy generation, 

which, even when the embedded footprint is taken into account, has a very high carbon footprint 
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reduction [39]. It should be noted that deep refurbishment is not seen as an optimal solution in all 

countries. Due to the lack of national and local subsidies, it is often cheaper and less technically 

complicated to demolish an existing building and build a completely new one, which for obvious 

reasons contradicts the policy of lowering the embedded carbon footprint [83]. 

Table 13. Summary of LCA aspects. 

Solution 

Assessment Type - Refs 

Calculated 
Calculated, 

Measured 
Measured 

Sustainable choice of low-CO₂ materials [10]  [40] 

Optimisation of the balance between operational 

and embedded emissions 
[10] [39] [40] 

Analysis of the long-term environmental impact of 

refurbishment 
[10,22] [39] [40] 

4.12. Financial Strategies and Analysis of Refurbishment Costs 

Many school-owning local authorities, due to their poor financial situation, are forced to assess 

the cost-effectiveness of refurbishment interventions in a meticulous manner and make use of 

government subsidies [39] [56]. The result of such analyses are bespoke strategies that can vary 

dramatically depending on priorities and circumstances [84]. A study by Italian researchers shows 

that, when it comes to schools without mechanical ventilation, the passive measure with the shortest 

payback time was improving the insulation performance of the building’s roof (9 years) and the 

replacement of active lighting with LEDs (15 years) [85]. 

Table 14. Summary of financial aspects. 

Solution 

Assessment Type - Refs 

Calculated 
Calculated, 

Measured 
Measured 

Simple Payback Time analysis (SPBT) – 7 to 25 years [38] [25,30,37,39]  

Use of grants and financial support programmes [48] [56]  

Comparison of energy savings before and after a 

refurbishment 
 [25,39,44]  

5. Discussion 

Given buildings’ immense impact on global greenhouse gas emissions, the natural direction 

under current regulations is to reduce their embedded and operational carbon footprint as much as 

possible. In the case of school buildings, this is all the more important as they are maintained with 

public funds and any savings can be allocated to another publicly useful project. Most research 

focuses on reducing energy consumption and many of the interventions studied can be standardised, 

showing the main trajectories a design team should follow. However, we should bear in mind that 

the design and technology criteria should not only relate to energy performance but also to a much 

broader spectrum of aspects, related to the individual needs of the building’s users, its location, 

comfort, historical and cultural context, accessibility to technology and which should be chosen in 

connection with the available financial resources. These elements contribute to the uniqueness of each 

project and lead to the conclusion that there is no single universal solution. National and local policy 

that sets out courses of action for many public bodies, and which varies in advancement from country 

to country, is critical. Thus, in some countries and regions, specific solutions may be favoured. 

Incentive and subsidy programmes can dramatically change the optics on the use of particular 

technical solutions, and shorten the payback period. In Poland, for example, these are mainly 

programmes related to envelope refurbishment and the use of renewable energy sources, which is 
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visible in the public space, but looking at the broad spectrum of possible refurbishment interventions, 

it is not a very comprehensive approach. This variation also applies to the issue of decarbonisation 

itself, as each country has a different energy mix and emission coefficients, so a different approach 

might be taken in, for example, Canada (Canada is the world’s third-largest producer of hydroelectric 

power, which accounts for 62% to the nation’s total electricity generation. https://natural-

resources.canada.ca/ Access: 15.02.2025), which sources most of its energy from hydroelectric power 

plants, and quite different in Eastern Europe where a significant proportion of energy still comes 

from coal-fired power plants. We can therefore conclude that the research field and determining 

current trends should be narrowed down to the regional context, to a country or province level. 

Nevertheless, a holistic approach is valid when assessing aspects related to building physics, which 

for most regions in the climate zone in question work in a similar way. At present, the most 

authoritative results can be obtained by using the methodologies of various certification schemes 

such as LEED, BREEAM or Passivhaus [86] [87]. In particular, the EnerPhit certification system for 

retrofitted buildings developed by Passivhaus Institut provides a clear framework and criteria that 

result in a high-performance and comfortable building for the occupants. 

(https://passipedia.org/certification/enerphit Access: 15.02.2025) It is a certificate with a long-

standing reputation and is confirmed by numerous measurement tests in buildings. However, the 

use of static and not dynamic simulations is its noticeable downside. Dynamic simulation allows us 

to make hourly estimates for every parameter and to assess every separate space in a building, which 

is crucial when assessing user comfort. 

Another aspect is climate change, which affects the performance of any building, as well as the 

comfort of the occupants. In the context of simulations, they should not only be performed for current 

weather conditions, but also using future weather files that consider the projected climate changes 

that are likely to occur over the next few decades. This will make it possible to predict whether a 

building will adapt to new conditions and reduce the need for further costly refurbishment in the 

future. 

The use of renewable energy sources can vary from location to location due to the varying 

number of sunny days in a year, wind strength, or geographical conditions. In addition, the mere 

location of a building in a compact urban area or open space is also important in terms of the 

possibility of sharing the energy produced in a so-called urban energy cluster. The impact of urban 

space on the thermal comfort of users, the occurrence of urban heat islands, the threat to acoustic 

comfort generated by traffic, the sheltering from the wind, which consequently affects the local 

microclimate and energy demand, cannot be overlooked here. 

One question that designers, and – perhaps most importantly – project owners – need to ask 

themselves is the effect they would like to achieve and the investment they are willing to make. This 

question can be turned around and we can ask about possible strategies and savings that could be 

attained. Of course, it all depends on the complexity and size of the building intervention. However, 

sample measurements carried out on five refurbished schools in Germany showed that, with the right 

choice of interventions, a building energy demand reduction of more than 80% can be achieved [88]. 

For institutional project owners, this is a very interesting prospect and a significant incentive to incur 

more costs during refurbishment for subsequent gains for decades to come. 

6. Conclusions 

This literature review illustrates the very broad spectrum of the issue under study and 

demonstrates that the topic is socially relevant and therefore develops in a very dynamic way. Our 

time can be considered a breakthrough period, especially for developed countries, due to the limits 

and decarbonisation targets imposed on the whole economy and, above all, for the building 

sector[89]. This makes it necessary to update the state of research every few years. It is impossible to 

identify a single optimal strategy for refurbishing school buildings, but a few solutions that will work 

best in most cases. can be highlighted. 
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• Maximum use of renewable energy sources – this offers the greatest carbon footprint 

reduction, but is highly dependent on the location of the building and requires energy storage 

to be fully utilised; 

• Upgrading to LED lighting – it is relatively easy to achieve savings this way and the payback 

time is short; 

• Automation and metering – depending on the needs and available resources, it is possible to 

scale up this intervention, using sensors and automatic systems to regulate temperature, air 

flow and energy consumption. It not only optimises the performance of the systems, but most 

importantly ensures the comfort of all users; 

• Improving energy performance through technical measures to increase the insulation and 

airtightness of the building – this is a key aspect to significantly reduce heat loss, but one that 

requires significant investment and ensuring a comfortable indoor air exchange; 

• The use of heat pumps, preferably with horizontal or vertical collectors – this is the most 

efficient way to provide heat and cooling to a building; 

• Hybrid ventilation and passive cooling – this utilises the key strengths of natural and 

mechanical ventilation with heat recovery, as well as elements to reduce the growing problem 

of building overheating; 

• Dynamic simulations and energy audits – in order to select the best strategies before starting 

any construction activity, a series of tests should be carried out on a digital model using future 

weather conditions, taking into account LCA-related matters and the expected payback time. 

The unifying element between all these issues is an integrated design approach that takes into 

account not only energy performance, but also comfort or the design quality of the building. This 

obligates the designers, especially architects, to include the issue’s interdisciplinarity as a key method 

to achieving success. In particular, all engineering activity should take place while accounting for 

current and future models of classroom management, taking into account the potential to meet 

pedagogical and educational requirements. Empirical studies on testing new technical and material 

solutions that can verify the approach to some design matters are still highly needed. This could also 

allow us to better understand and bridge the performance gap we often see between our energy 

models and actual measurements. Another aspect is a better understanding and application of LCA 

and LCC analyses, which involves considering a building over its entire life cycle. The modernisation 

of existing buildings is a unique opportunity to reduce the already high human impact on the 

environment, and schools are important in that, by their example, they can teach future generations 

to respect the environment and understand the phenomena within it. 
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Nomenclature 

BIM Building Information Modeling LCC  Life Cycle Costing 

BEMS  Building Energy Management System LED  Light Emitting Diode 

BIPV Building Integrated Photovoltaic LEED 
Leadership in Energy and 

Environmental Design 

BREEAM  
Building Research Establishment 

Environmental Assessment Method 
PBT  Payback time 

DA   Daylight Assessment PCM  Phase Change Material  

HVAC  
Heating Ventilation and Air-

Conditioning 
PVT  Photovoltaic Thermal 

IAQ  Indoor Air Quality RES  Renewable Energy Source 

IEQ Indoor Environmental Quality TC Thermal Comfort 

IoT Internet of Things  VIP  Vacuum Insulation Panel 

LCA  Life Cycle Assessment   
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