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Abstract: The building sector has yet to take drastic steps to lower its carbon emissions to meet net-zero emissions targets by 2050. Although various methods exist to design new buildings with low operational carbon impacts, this is not always true for existing buildings. Improving the operational energy performance of an existing building is difficult, and reducing the overall refurbishment times for existing occupied buildings is challenging. Therefore, prefabrication methods for retrofitting were investigated in this research. The feasibility of using prefabricated retrofit modules that meet the rigorous Passivhaus-EnerPHit standard in Turkey’s warm-temperate climate was explored. An existing residential building in Istanbul was modelled in the thermal simulation software DesignBuilder, and calibrated against on-site measurements. The impact on operational energy performance of applying prefabricated retrofit modules to the digital twin was then tested. Carbon emissions related to the production phase of the modules were assessed using OneClick LCA software. Multiple material replacement scenarios were applied to the prefabricated modules to find the optimum solution with low embodied carbon impact. The results showed that, although the prefabricated retrofit modules were successful in decreasing operational energy and carbon, they were not viable in terms of the cost of the modules in the Turkish context.
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1. Introduction
Around the world, buildings are responsible for about 30% of the carbon emissions and 40% of energy demand (International Energy Agency, 2019). In Turkey, buildings account for about 40% of energy demand (Republic of Turkey Ministry of Climate and Urbanization, 2018) and one-third of direct and indirect carbon emissions (Climate Transparency, 2021). Hence, buildings offer a significant opportunity for decreasing energy demand and carbon emissions. Acknowledging the Paris Agreement, Turkey established her commitment to climate change in 2021. However, a five-year delay in commitment brings the need for more drastic measures to achieve the carbon reduction targets. Although various regulations have been introduced for new buildings to lower energy demand (Republic of Turkey Ministry of Environment and Urbanization, 2011; TS 825:2008, 2008), there are limited options to improve the existing building stock’s Energy Performance Certificates (EPCs). EPCs are helpful in showing the performance of a building; however, they do not force any steps to achieve a good rate in existing buildings. Further, countries pledged to the Paris Agreement will soon be presenting their carbon reductions. Therefore, to be on track, Turkey needs an approach to the energy renovation of existing buildings (Climate Transparency, 2021; Climateactiontracker.org, 2022).
For existing buildings, the options are either deconstructing and rebuilding or retrofitting. Existing studies have demonstrated that deconstructing and reconstructing a building is not a viable option in terms of energy used and carbon released during the construction and production of the new materials (Langston et al., 2018; Marique and Rossi, 2018; Cheshire and Burton, 2020). Also, during the deconstruction and rebuild time, the occupants of the buildings need to move from the building, which is not convenient for them (Rovers et al., 2018). It can, therefore, be concluded that energy retrofitting the envelope of the building is a more suitable way of tackling the carbon emissions from the existing building stock. Also, it requires less time and materials compared to rebuilding. However, occupant disturbance is still an issue, and retrofit duration might be affected by factors such supply chain problems and weather conditions. 
A more recent approach to retrofit, using prefabricated retrofit modules (PRM), can compensate for the negative aspects of the traditional retrofit methods. Prefabrication can significantly decrease the retrofit duration, reduce occupant disturbance during installation and is not as affected by adverse weather conditions. PRMs have gained popularity within the European Union, as evidenced in Horizon 2020-EeB-2015 (EU-H2020) projects. There are extensive examples of  PRMs in the European context that present a variety of approaches. For instance, while one of the projects uses construction demolition waste (CDW) materials for non-structural façade elements, Re4 (2016) and VEEP (Veep–project, 2016), others use nanotechnology materials like aerogels, SESBE (n.d.) and GELCLAD (n.d.) or focus on building system management in the buildings retrofitted with prefab modules, such as iNSPiRE (2016). Besides bringing new methods and innovations to retrofit, EU-H2020 projects are also effective at decreasing the operational energy demand (energy needed for heating, cooling, domestic hot water, and equipment) by 85% compared to existing buildings and providing a thermally comfortable environment for the occupants (Rovers et al, 2018). 
Unlike the numerous studies on operational energy demand and indoor comfort involving PRMs, there are fewer investigations of the embodied carbon of PRMs (Almeida et al., 2020). The embodied carbon (EC) of a material represents the carbon released during the raw material extraction, its transport to the factory, and production (Almeida et al., 2020). EC is often addressed as a hidden impact in building performance evaluations. Until recently, the focus for buildings was on decreasing the operational energy demand rather than the EC. However, recent literature shows that the EC impact could be higher than the operational impact (Zhu et al., 2020; Rodrigo et al., 2019; Koezjakov, 2017). Therefore, in this study, the aim is to show the EC viability of PRMs over their operational carbon savings and examine the feasibility of using the modules in Turkey’s climate as a methodology to accelerate the country’s climate change mitigation actions. 
Another limit of existing PRM approaches is aiming for Net-Zero in operational performance, which may differ from country to country based on their energy mixes and availability of sustainable energy sources. Therefore, PRM needs to ensure the energy performance in existing buildings, specifically in a climate or country context. Energy standards like Passivhaus (PH) can robustly secure how the building will perform after being constructed or renovated. PH is a voluntary energy concept that allows up to 15 kWh/m²/a for heating and cooling demand and 120 kWh/m²/a in total primary energy consumption. Passivhaus has a 'fabric first’ approach to reduce operational energy demand, meaning that the building envelope should be airtight and well insulated with a low level of U-value (0.15 W/m²K or less). PH also provides a standard for retrofit projects, called EnerPHit. For retrofitted buildings to meet the EnerPHit standard, the maximum heating demand is climate-related, ranging from 15 kWh/m²/a (very hot climates),  to 20 kWh/m²/a (warm temperate climates) and upto 35 kWh/m²/a (Artic climates). The retrofit cooling energy demand limit is the same for all climates at 15 kWh/m²/a, with the primary energy demand being limited to 120 kWh/m²/a. The EnerPHit concept gives importance to thermal comfort in the retrofitted buildings by keeping the overheating below 10% all year round without active cooling and/or adequately adjusted cooling device (Pomponi et al., 2018; Passive House Institute, 2022). Additionally, EnerPHit buildings give freedom to the occupants to adjust the heating and cooling levels in each room however they feel comfortable (Passive House Institute, 2022). Therefore, this paper will investigate the life cycle carbon payback time of applying the Passivhaus-EnerPHit energy criteria to the PRMs.
2. Methodology
2.1. Case Study 
In Turkey and Istanbul, due to rapid urbanisation, almost half of the existing buildings were built in the 1990s (Konukcu et al., 2016). Hence, a mid-rise apartment block in Istanbul was selected as a case study building. The building represents the common construction practices in the 1990s (Figure 1). It has five floors above ground with penthouses on the top floor and one basement. The building is used just for residential purposes; 10 families live in the building, with the total occupied area of the building being 1015 m², and each floor is 2.8m in height. The structure is a concrete frame with concrete slabs, and the external skin is a 200mm uninsulated brick wall. Heating, cooling, and domestic hot water (DHW) in the building are provided by gas boilers installed in each flat. Only three families have air conditioners (AC) installed in one of their rooms to meet their cooling needs.
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Figure 1: Case study building, Credit: Dilek Arslan, 2021
2.2. Building Energy Simulation and Model Calibration
The apartment block was modelled in a building energy simulation software, DesignBuilder (DB), by using architectural drawings. Then, three months (October, November, and December 2021) of temperature and relative humidity (RH) data were collected from one of the flats at the basement in the building. The data collected from the master bedroom, one bedroom, living room, and kitchen were used to validate the DB model according to the American Society of Heating, Refrigerating, and Air-Conditioning Engineers (ASHRAE) requirements. According to the ASHRAE standard, for the model to be valid, the Mean Bias Error (MBE) should be at 10% or below and the Coefficient of Variation of the Root Mean Squared Error CV(RMSE) at 30% or below (ASHRAE Guideline 14 -2014). 
In the initial simulations, the MBEs between measured and simulated room temperatures and RH were 11% and -7% for the Master Bedroom, 8% and -19% for the bedroom, 6% and -9% for the living room, and 10% and -15% for the kitchen, respectively. To further lower the error percentages in temperature and RH, different types of iteration parameters were applied as suggested in the literature, such as changing the infiltration rate on building façades, indoor ventilation rate, occupation factors, and temperature setpoints (Chung et al., 2021; Abrahams et al., 2019; Sun et al., 2016). While indoor ventilation rate and occupation factors were not helpful, the façade infiltration rate in the DB Construction tab and temperature setpoints in the Activity tab significantly impacted the error percentages. 
After multiple iterations applied in infiltration and temperature setpoints, the MBEs between measured and simulated room temperatures and RH improved to be 10% and 7% for the Master bedroom, 6% and 2%for the Bedroom, 8% and 9% for the Living room, and 10% and 6% for the Kitchen, respectively, which comply with the ASHRAE MBE threshold.
2.3. Retrofit Applications
PRMs were designed according to the International Energy Agency (IEA) ECBCS-Annex 50 Guideline (2011) from inside to outside. The guideline requires one equalising layer, a sheathing board, a façade structure with insulation (where all of the ducting and wiring are placed), vapour proofing, a sheathing board, and a second layer of insulation and cladding (Figure 2). Materials selected for the modules were decided according to the most common construction materials used in Turkey (Ikbal and Cetiner, 2013; Kurekci, 2016) and layer thicknesses based on the EnerPHit U-value for opaque façade areas (0.30-0.50 W/m²K, for warm-temperate climates). Based on the thermal requirements, the second insulation layer in the IEA guideline became redundant for this project. In the final stage, the PRM build-up layers were one equalising layer, sheathing board (OSB), insulation (XPS), vapour proofing (polythene), sheathing board (OSB), and finishing (cement board) (Figure 3).
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Figure 2: IEA prefabricated retrofit module construction principles (IEA, 2011)
After designing the PRM, the modules were applied to the building façade (walls and roof), a ventilation unit with heat recovery was added, which is a requirement for Passivhaus designs, and boilers were left in the building to avoid carbon emissions related to installing a new system into the building. Further, basement walls, ground floor, and cantilever floors were insulated. The infiltration rate of building skin improved to 1 ac/h@50 Pa due to Passivhaus-EnerPHit requirements for airtightness. Double glazed PVC windows in the existing building were replaced with triple glazed PVC windows with UW = 0.75 W/m2 K frame and Ug = 0.70 W/m2 K glazing values.
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Figure 3: Retrofit layers for 0.30 W/m²K U-value.
2.4. Embodied Carbon Calculations
Embodied carbon calculations were conducted via a web tool, One Click LCA, which brings a wide range of material carbon data from the databases around the world, such as EPD Norge (n.d.), EPD International (n.d.), INIES (n.d.) and IBU (2020). The software categorises the material profiles as manufacturer, local, regional and generic data. The priority is to select the available manufacturer and local data; however, if it is not available, then regional or generic data by using the localisation factor should be selected depending on the country's carbon assessment (OneClick LCA, n.d.). 
Material profiles were selected according to the thermal and physical properties' input in the DB model, and the quantities subjected to meeting the EnerPHit standard were also inserted into One Click LCA. After creating the base case, material replacement scenarios were adapted by replacing sheathing board materials with plasterboard, plywood, and MDF and replacing the insulation with EPS, rock wool, and glass wool in PRMs. These scenarios are presented in Table 1. 
2.5. Cost Calculations
 Material quantities used for carbon assessment were also used for cost calculations. The unit prices of each material were taken from the Construction Unit Prices 2021 report of the Republic of Turkey Ministry of Environment, Urbanisation and Climate Change (Republic of Turkey Ministry of Environment, Urbanisation and Climate Change, 2021). The price of each material also included its assembly and labour costs. When a material or an equipment's prices was not available (e.g. ventilation unit), the manufacturers' prices were used.
3. Results and Discussion
3.1. Operational Carbon
Retrofit improvements on the building façade with PRM made significant reductions in the total operational energy demand of the building by 50%. While existing building heating energy demand was 130 kWh/m²/pa, PRMs helped to reduce it to 65 kWh/m²/pa with the best-case scenario for the external façade thermal properties for warm- temperate climate, 0.30 W/m²K U-value. This reduction in energy constitutes about a 35% decrease in operational carbon emissions compared to the existing emissions. Reduction in heating energy demand was the main contributor to the carbon reduction of the building, with 82% of the total energy consumption. This reduction highlights the importance of operational energy reduction in carbon savings, even though the gas currently has a lower carbon intensity than the electricity in countries like Turkey (Gursoy Haksevenler et al., 2020; Turkish Ministry of Energy and Natural Resources, 2021). DHW and equipment demands remain the same since no retrofit strategy were applied. However, even though the consumptions were the same in these categories, the transition to cleaner energy in Turkey shows that DHW and equipment electricity impact can be lowered by about 40% when renewable energies such as sun and wind are applied to the grid in the future (Republic of Turkey Ministry of Energy and Natural Resources, 2021).
The other retrofit scenarios' operational energy and carbon impact had similar results to the base-case retrofit scenario. This was due to selecting similar materials regarding thermal conductivity and density when replacing the material. Thereof they show similar operational performances in DB. Then, the same retrofit scenarios were applied with the components with a 0.50 W/m²K U-value since EnerPHit requirements allow that. The increase in the U-value of the components also slightly increased the operational energy by 6%. This was due to the slight increase in heating demand in the retrofit scenarios regarding reducing the insulating material thicknesses (Table 1).

Table 1: Total Operational Energy Demand Comparison Between Existing and Retrofitted Building.
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3.2. Embodied Carbon and Carbon Payback Times
The embodied carbon of the prefab modules with a 0.30 W/m²K U-value in the base-retrofit scenario was 89 kgCO2e/m². The main contribution of the materials' impact was the OSB sheathing, triple glazed PVC windows and XPS insulation with 39%, 16% and 15% of the total emissions, respectively. The Sheathing Board Replacement – MDF scenario, with 60 kgCO2e/m², had the lowest impact since the carbon contribution from the sheathing boards decreased from 35 tCO2e/m² to 6 kgCO2e/m². The highest embodied carbon belonged to the Insulation Replacement - EPS scenario with 94 kgCO2e/m² because of the rising impact figure in the insulation material section from 14 tCO2e/m² to 19 tCO2e/m² while other embodied impact figures stayed the same in other material layers (Figure 4). In the options with 0.50 W/m²K U-value, the highest and the lowest impact scenarios remained the same but with different emission figures of course. 
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Figure 4: Embodied and operational carbon impacts of the retrofit scenarios
When the carbon saved from the improved operational energy performance was compared to the embodied carbon of the materials used, the results showed that the PRMs could be a viable option for the retrofit projects compared to business-as-usual models. The carbon payback times of the PRMs were not that different among the retrofit scenarios, which ranged between three and five years (Tables 2 and 3).

Table 2: Operational and Embodied Carbon Impact of the PRMs and Carbon Payback Times of Each Scenario for 0.30 W/m²K U-value.
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Table 3: Operational and Embodied Carbon Impact of the PRMs and Carbon Payback Times of Each Scenario for 0.50 W/m²K U-value.
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3.3. Cost Results and Payback Times
The cost calculation results show that while the Sheathing Board Replacement – Plywood was the most expensive, the Sheathing Board Replacement – MDF was the cheapest option among the other retrofit scenarios. The difference between the cheapest and the most costly option was about 26%. Further, the capital cost of Insulation Replacement – EPS was also quite close to Sheathing Board Replacement – MDF option. Therefore, a small iteration took place to explore the EPS + MDF as a cost-optimal scenario. It has been seen that 5% embodied carbon reduction can be achieved with the EPS + MDF than the cheapest option in existing scenarios (Sheathing Board Replacement – MDF). 
Although the new iteration enabled a cost reduction, the payback time of the PRMs was not that attractive for the homeowners. Tables 4 and 5 show the shortest payback time, with the Cost Optimum scenario in both components with U-values of 0.30 and 0.50 W/m²K of 47 and 53 years, respectively. These long payback times may be due to the current electricity unit prices, which are more expensive than gas. 
Increasing the building’s airtightness was not helpful for summer conditions in the retrofitted building in this project. While high infiltrations were useful for building cooling, the building needed mechanical cooling and ventilation to decrease overheating, increase thermal comfort, and meet the EnerPHit standard. This increases the reliance on the electrical energy demand and, therefore, the operational cost.

Table 4: Existing and Retrofitted Cost of the Building Operation and Materials and Cost Payback Times of Each Scenario for 0.30 W/m²K U-value.
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Table 5: Existing and Retrofitted Cost of the Building Operation and Materials and Cost Payback Times of Each Scenario for 0.50 W/m²K U-value.
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4. Conclusion
4.1. Summary
This study showed that significant energy savings with PRMs for an EnerPHit building in a warm-temperate climates are possible. In addition, it has been highlighted that the carbon payback time of this retrofit approach and materials selected for the Turkish context makes the PRMs a viable option in climate change mitigation strategies. Moreover, it is possible to achieve lower embodied impacts and more thermal comfort by retrofitting to the EnerPHit standard. However, the cost side of the modules hinders the PRM approach as a climate change strategy due to the long payback time. High cost brings the need for a funding scheme for retrofit projects supported by the government to lower the payback time. Otherwise, although the PRM approach significantly reduces operational energy demand, such capital investment in improving a 30-year-old concrete building might not be sensible as a retrofit over its operational cost savings. 
4.2. Limitations and Recommendations
This study's main limitation is finding an Environmental Product Declaration (EPD) relevant to the Turkish context in the OneClick LCA database. Even though sometimes there was material information for Turkey, it was not suitable for the analysis in terms of not matching the thermal conductivity and density features of the materials in energy simulation. This situation prompts the tool user to select materials from other countries or regions that affect the reliability of the results and increase the contingencies.
Recommendations for a further study would be applying these modules to actual buildings to analyse the limitations and issues faced during the production, transportation, and assembly processes of the PRMs, then monitoring the thermal comfort and energy consumption in the retrofitted building. Additionally, surveys can be conducted with the occupants of the building, asking about their experiences and requirements and conducting interviews with the professionals involved in this process to understand the approaches and willingness to this kind of retrofit as another feasibility study. Lastly, comparing how much the thermal comfort criteria suggested in EnerPHit performance complies with the Turkish occupants’ thermal comfort expectations could be an interesting insight into the Passivhaus standard in warmer climates and different cultural backgrounds.
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Scenario

Retrofit 

Operational 

Impact 

(CO2e/m²/a)

Existing 

Operational 

Impact 

(CO2e/m²/a)

Savings 

(CO2e/m²/a)

Embodied 

Impact 

(kgCO2e/m²)

Carbon 

Payback 

(Year)

Base Case 36.01 56.41 20.40 89 4

Sheathing Board 

Replacement-Plasterboard

36.00 56.41 20.41 67 3

Sheathing Board 

Replacement-Plywood

36.00 56.41 20.41 66 3

Sheathing Board 

Replacement-MDF

36.00 56.41 20.41 60 3

Insulation Replacement-

EPS

36.00 56.41 20.41 94 5

Insulation Replacement-

Rock Wool

36.00 56.41 20.41 91 4

Insulation Replacement-

Glass Wool

35.98 56.41 20.43 88 4

Cost Optimum (EPS+MDF)

36.03 56.41 20.38

64 3
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Scenario

Retrofit 

Operational 

Impact 

(CO2e/m²/a)

Existing 

Operational 

Impact 

(CO2e/m²/a)

Savings 

(CO2e/m²/a)

Embodied 

Impact 

(kgCO2e/m²)

Carbon 

Payback 

(Year)

Base Case 36.88 56.41 19.53 81 4

Sheathing Board 

Replacement-Plasterboard

36.81 56.41 19.60 60 3

Sheathing Board 

Replacement-Plywood

36.85 56.41 19.56 59 3

Sheathing Board 

Replacement-MDF

36.77 56.41 19.64 53 3

Insulation Replacement-

EPS

36.77 56.41 19.64 84 4

Insulation Replacement-

Rock Wool

36.84 56.41 19.57 83 4

Insulation Replacement-

Glass Wool

36.80 56.41 19.61 80 4

Cost Optimum (EPS+MDF) 36.83 56.41 19.58 55 3
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Scenario

Operational 

Cost (TL/a)

Existing 

Operational Cost 

(TL/a)

Savings 

(TL/a)

Refurbishment 

Cost (TL)

Cost 

Payback 

(Year)

Base Case 60249.0 79114.2 18865.1 1110611.6 58.9

Sheathing Board 

Replacement-

Plasterboard

60234.2 79114.2 18880.0 1210031.3 64.1

Sheathing Board 

Replacement-Plywood

60236.4 79114.2 18877.8 1441241.8 76.3

Sheathing Board 

Replacement-MDF

60240.4 79114.2 18873.8 1067714.5 56.6

Insulation Replacement-

EPS

60234.0 79114.2 18880.2 1086000.2 57.5

Insulation Replacement-

Rock Wool

60235.6 79114.2 18878.5 1103281.6 58.4

Insulation Replacement-

Glass Wool

60205.3 79114.2 18908.9 1102387.6 58.3

Cost optimum 

(MDF+EPS)

57883.2 79114.2 21230.9 1004139.1 47.3
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Scenario

Operational 

Cost (TL/a)

Existing 

Operational Cost 

(TL/a)

Savings 

(TL/a)

Refurbishment 

Cost (TL)

Cost 

Payback 

(Year)

Base Case 61326.3 79114.2 17787.9 1072944.8 60.3

Sheathing Board 

Replacement-

Plasterboard

61242.8 79114.2 17871.4 1172364.5 65.6

Sheathing Board 

Replacement-Plywood

61298.4 79114.2 17815.8 1400614.6 78.6

Sheathing Board 

Replacement-MDF

61190.8 79114.2 17923.4 1030047.7 57.5

Insulation Replacement-

EPS

61281.8 79114.2 17832.4 1059776.8 59.4

Insulation Replacement-

Rock Wool

61103.8 79114.2 18010.3 1071093.0 59.5

Insulation Replacement-

Glass Wool

61229.6 79114.2 17884.6 1068103.7 59.7

Cost optimum 

(MDF+EPS)

61262.7 79114.2 17851.5 953666.7 53.4


image1.jpeg




image2.png
Construction principle

1.) Equalising layer
to existing surface

2). Load bearing construction layer
‘with insulation, ducts and wires

3). Second insulation layer
with shading system

4). Cladding / skin layer
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