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Summary
Aggregated building models are urban building energy models (UBEM) in which model complexity is reduced through the use of building archetypes. Building archetypes are groups of buildings classified by shared energy-related characteristics such as building size, age class and energy supply system. They are important tools for analyzing heating, cooling, and electricity demand at building to district level. This article describes the development of an extended aggregated building model that refines national building archetypes into local building archetypes, embedded in a dialogue process with heterogeneous stakeholders to support decisions towards climate-neutral energy systems. A stakeholder survey was used to collect building, energy supply system, and user-behavior data as model input. Simulation results for national, local, and stakeholder-specific building archetypes are compared against reference final energy consumption at building and block level. With the newly developed building archetypes, a closer agreement with building block level reference consumption than with the national building archetypes is achieved, while at building level they show a larger oppositely signed bias. Further validation is required to conclusively confirm the model's behavior at all spatial and temporal level.
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Introduction
A far-reaching transformation of our energy system, i. e. the heating, cooling and electricity supply, is necessary in order to achieve the German federal state, national and European climate targets. This transformation is challenged not only by technical complexity but by social frictions and the involvement of heterogeneous stakeholders. To address this, in two case studies of the Stuttgart Research Initiative for the Discursive Transformation of Energy Systems (SRI DiTEnS), a social dialogue process, structured as a series of interactive workshops, supports stakeholders in reaching knowledge-based decisions on refurbishment measures and energy supply systems for a climate-neutral transformation. The social dialogue process is supported by a toolbox of automated routines that combines energy system analysis models, interactive workshop formats, and visualization techniques to prepare the workshops and inform stakeholders on current and potential future energy demand and energy supply of the building stock that can be influenced by individual or joint decisions. The aggregated building models described here are part of this toolbox and enable combined heating, cooling, and electricity demand and supply system analyses at individual building to district level in a high temporal resolution. Guided by parameters from the social dialogue process, potential variants of refurbishment measures and energy supply systems to be decided, are simulated to answer stakeholder-specific questions, identify the variants stakeholders prefer. This provides the basis for implementing the measures resulting from individual or joint decisions.
1.1 Aggregated building models
Detailed physics-based Building Energy Modeling (BEM) of every building in a study area are limited in practice by computational cost and by input data that are often unavailable or expensive to obtain (Kong et al., 2023). Urban Building Energy Models (UBEM) have therefore become established over the past 15 years for modeling heating, cooling, and electricity demand across district- to city-scale building stocks, including interdependencies between buildings, climatical changes and the evaluation of energetic refurbishment measures and strategies to integrate renewable energies in central or decentral supply systems. UBEM are classified into top-down approaches, suited to strategic planning but not for building level analysis, and bottom-up approaches, further subdivided into physics-based, statistical or data-driven, and hybrid methods. Physics-based or hybrid methods provide physically interpretable results and are used here (Ferrando, 2020; Li et al., 2023; Swan and Ugursal, 2009). Moving from BEM to bottom-up UBEM requires simplifying building geometry, envelope properties, zoning, internal gains, and supply-system representation (Piro et al., 2023). A widely used simplification is the archetype method, in which buildings are classified and grouped by characteristics such as size, age, and heating and electricity supply system and represented by statistical average values of envelope and supply-system parameters. The TABULA and EPISCOPE projects define a widely used archetype typology for the European residential building stock (Institute for Housing and Environment et al., 2016a). Archetypes reduce model complexity by limiting both the data collected per building required of the determination of classification parameters and the number of distinct building characterizations to be modeled (Kong et al., 2023; Li et al., 2023). An aggregated building model is accordingly defined here as a UBEM in which complexity is reduced through such building archetypes.
1.2 Development of local building archetypes through stakeholder surveys
Grouping heterogeneous buildings into building archetypes improves comprehensibility but discards actual variability. The resulting systematic error depends on the heterogeneity e. g. of refurbishment states within each building archetype (Institute for Housing and Environment et al., 2016b), smoothing extremes and potentially causing failures to identify buildings in urgent need of refurbishment or misjudging individual refurbishment potential. Malhotra et al. (2020) distinguish between primary, secondary and tertiary UBEM input data. Primary data is directly usable for simulations. Secondary data are classifiers, such as size and age class, while tertiary data consists of statistical data, such as census data or national building archetypes. As Rehmann et al. (2025) note, even secondary data are often unavailable, causing buildings to be misassigned to building archetypes, independent of the systematic building archetype error itself. A further source of deviation is the energy performance gap, arising from user behavior, i. e. setpoint temperatures, ventilation behavior, hot-water use, use of shading devices, and from deficient energy supply system operation. The latter leads to lower efficiency and can be attributed to incorrect installation, improper control settings, or lack of maintenance. Oraiopoulos and Howard (2022) report deviations between simulated energy demand and measured energy consumption using national building archetypes of less than 10 % up to 100 %, occasionally 1,000 %, at building level and annual temporal resolution, falling to a few percent at district or city level as building-specific deviations average out. However, stakeholder interviews in the present case study show that tenants, landlords, and building owners are specifically interested in solutions tailored to their own building. Making building level reliability on simulation results a necessary condition both for the model and for its use in the dialogue process. Therefore, the aim of the research performed is to increase the reliability of results at smaller scales, down to building level, by extending the bottom-up physics-based UBEM with the archetype method by input data from a stakeholder survey. 
Stakeholder survey 
[bookmark: _Hlk239865449]The survey concept design accounts for participants' varying knowledge and availability by prioritizing parameters into four levels and allowing items to be skipped or answered at varying detail. The survey concept is described in detail in Lott et al. (2026). Priority one covers parameters for national building archetype classification, including the energy supply system. Priority two covers the current energetic envelope state. Priority three includes the user-behavior parameters such as ventilation behavior and indoor air setpoint temperatures. Priority four covers the timing of potential past refurbishment measures. Thematic question blocks were combined with a self-selected level of detail rather than rigid separation by priority level, prioritizing survey completion over strict adherence to the conceptual order. Participants could complete a minimal or an extended professional-level question set, with only six mandatory questions required for submission. These would be building age class, building size class and adjacency, primary energy carrier, primary heating system type for space heating and domestic hot water separately, and the current energetic envelope state by a coarse multiple-choice assessment per envelope component, i. e. windows, exterior walls, roof or top ceiling, floor to unheated cellar, encoding an approximate implementation period and refurbishment extent aligned with the TABULA typology. The survey was implemented in EvaSys, a browser-based tool supporting online, paper-based, and hybrid surveys with multiple-choice, single-choice, and free-text questions and CSV export. It does not support photo upload, e.g., of boiler nameplates or energy performance certificates. Information about the survey was provided via letter to all mailboxes in the study area, with a QR code and link to the online survey, and an additional email reminder for those where email addresses where known, because their interested in the dialogue process. Using the link https://survey.uni-stuttgart.de/evasys/online.php?p=EuroSun2026, the entire online survey can be accessed, including options to select and deselect items, in German.
2.1 Study area and results
The study area in Fig. 1 is in Germany, in the Stuttgart, Bad Cannstatt district, comprises 132 building addresses, with around 550 apartments, and 1,100 residents. The building stock consists predominantly small multi-family houses with three to six apartments, with some larger multi-family houses with seven to 20 apartments at the northern and southeastern edges, scattered single-family houses or single used small multi-family houses, and a small number of non-residential buildings, i. e. one general school including a gym, kindergarten, commercial building, gas station, two buildings for storage, two company buildings and a church with church tower. The latter are disused.
[image: ]
Fig. 1: Study area in Germany, in the Stuttgart, Bad Cannstatt district, including building function corresponding to 3D building model data (see Chapter 3.1) and definition of building blocks for the validation of simulation results in Chapter 6
Of 550 distributed survey invitations, seven valid responses were received, corresponding to a response rate of 1.3 %. As all respondents live in multi-family houses, where priority-one parameters can be assumed common to all apartments, the effective building level response rate is seven of 132 buildings, corresponding to a response rate of 5.3 %. Possible causes for the low rate include limited interest in refurbishment measures, perceived survey length, reduced interest of older participants, since the survey was online rather than paper-based, absence of a personalized greeting, no monetary compensation, language barriers for non-native speakers and limited trust in academic institutions. Alternative distribution via the municipality, an energy provider, or door-to-door outreach with on-site assistance has not yet been tested and, as monetary compensation and time-intensive distribution are not intended to become part of the automated toolbox, may remain outside the scope. The choice of the survey tool had no traceable effect on the response rate, as all respondents reported having no energy performance certificate. The results of the small respondents group show a predominance of small multi-family houses with partial component-level refurbishment, e.g., exterior walls and windows only, heating dominated by apartment and central gas condensing boilers, domestic hot water generated together with space heating for six of seven respondents, solar thermal systems in two cases, photovoltaic systems in three cases, manual ventilation for all respondents, and residential use confirmed for all assigned buildings.
2.2 Translation survey responses into input and validation data
[bookmark: _Hlk239687236][bookmark: _Hlk239687402][bookmark: _Hlk239687246]Automated processing of the survey answers covers a defined subset of questions via a mapping table. Two translation variants are distinguished for envelope energetic state and indoor air setpoint temperature. In a so-called local building archetype variant, the current energetic state by the coarse multiple-choice assessment answers were mapped onto one of three refurbishment levels per component, matching the national building archetype discretization of refurbishment states, with default indoor air setpoint temperature fixed at a 20 °C. In the so-called stakeholder-specific variant, only where the more detailed questions about the current refurbishment state were answered, exterior walls, roof or top ceiling and floor to unheated cellar or to ground refurbishment state is instead derived as explicit insulation thickness and mean thermal conductivity of the selected answer option. The detailed refurbishment state of the windows is not yet covered in this variant. Thermal characteristics of the front door were not part of the survey. Instead, the same process as described for the local archetype variant is followed for windows. A reported indoor air temperature perception as five discrete thermostat setting levels, is translated into a building-specific air temperature setpoint for the heating period which varies between 17.5 to 22.5 °C. For the cooling period the building-specific air temperature setpoint remains fixed at 25 °C in both variants, as no respondent has reported an installed cooling system. The default air temperature setpoints mentioned were chosen according to DIN/TS 18599-10:2025 for residential buildings. All remaining mapped parameters are translated identically across both variants. This includes construction year, building usage, building size class and adjacency, room height, window area, infiltration as well as heat and electricity consumption. It also includes two further parameters, the number of heated apartments and the number of total apartments. Where the number of heated apartments is lower than the total number of apartments, the difference is represented as an additional, unconditioned thermal zone within the same building envelope, separated from the conditioned zone by a dedicated construction, to represent buildings with permanently vacant or unused apartments. It is assumed that a vacant apartment in a small multi-family house occupies one floor. While this condition applies, the total number of occupants is taken directly from the survey response rather than being multiplied by the number of apartments, since the latter derivation implicitly assumes all reported apartments are occupied. Two further building level characteristics collected by the survey are whether the basement and the attic space are heated. Although this information was recorded and passed through the aggregated building model, it is not currently applied to the simulated zoning. This would require a more differentiated representation of partial or reduced-temperature heating of these spaces than the binary distinction between heated or unheated currently available in the translated dataset. Heating system parameters, i.e., energy carrier and heating system type, are translated into simulation inputs following a fallback logic which prioritizes stakeholder-data over census data. Where available, the stakeholder-reported energy carrier and heating system type take precedence, and are otherwise supplemented from grid level census data (see Chapter 3.2). Detailed information about domestic hot water generation, ventilation, photovoltaic and thermal and electrical storage data and the questions about the user behavior are recorded but not yet automatically translated into simulation inputs.
Data
With the aim to be able to model any areas occupied by buildings in Germany, despite the stakeholder survey data only open data sources shall be used for the aggregated building models. As already summarized in different literature (Lott et al., 2026; Rehmann et al., 2025; Blömer et al., 2025), some relevant open data sources are available in Germany. This Chapter describes which of the data sources are used and how they were pre-processed.
3.1 Input data 
Geometrical data, such as surface orientations and areas, as well as the non-geometric parameter building function and the building address were taken from 3D building model data in the Level of Detail 2 provided by the federal states in the standardized semantic city model CityGML (Kolbe and Donaubauer, 2021). In Baden-Württemberg, the building part attribute of the 3D building model data links floor plan geometry of building parts without direct address assignment to main building parts. Property boundaries are used to compute if shading effects of the neighboring buildings are taken into account (Johari et al., 2023) and, in data pre-processing (see Chapter 3.2), are used to propagate building age class and story height between buildings sharing a property, similar footprint size, and building function. Property boundaries are the outer edges of parcels of land, which are also freely available in Germany through the Official Real Estate Cadastre Information System (ALKIS) in the georeferenced shape format (State Office for Geoinformation and Regional Development of Baden-Württemberg, 2026). 
Building age and size class is derived from ETHOS.BUILDA (Dabrock et al., 2025), a nationwide, building-specific dataset combining OpenStreetMap, 3D building models, and census data via a machine-learning approach, rather than directly from the 100 m² census grid, as this dataset is already enriched. Four further parameters are retrieved per building location directly from the 2022 census data via web map service (https://atlas.zensus2022.de/), interpolated to the 100 m² grid. The average living floor space per occupant and average household size as single numeric values, replace literature-based defaults such as the Swedish value used by Johari et al. (2023). As categorical share distributions, the predominant heating system type, i. e. apartment heating, central heating, district heating, and other, and the predominant energy carrier, i. e. gas, oil, district heating, solar and other, was used. Whereas according to the census data the category other includes biomass as well as electrical heating without heat pumps, the category solar includes solar thermal, geothermal supply systems and heat pumps. The category solar is interpreted as heat pump in the data pre-processing. This is because the census only queries the main energy carrier of a building. In the study area, no more than four solar thermal collectors with an approximated gross collector area of 8 m² were identified per building. Such a small collector area would be insufficient for a predominantly solar thermal heat supply. This is an assumption specific to the study area, as no generally applicable assumption could be defined. Numeric census quantities (average living floor space per occupant and average household size) are assigned to each building by a per-building point lookup in its enclosing 100 m² census grid cell, whereas categorical quantities such as heating system type and energy carrier are queried once per grid cell and then apportioned among the buildings located in that cell using a deterministic largest-remainder procedure, so that the building level category counts reproduce the cell's reported percentage shares as closely as possible. Each category's quota is its share multiplied by the number of buildings in the cell, the integer part of each quota is allocated directly, and any remaining buildings are assigned one by one to the categories with the largest fractional remainder, which yields a unique allocation for any given set of shares and building count.
Non-geometric parameters, i.e., construction and thermal properties of the building envelope, were derived from the real existing buildings used to describe the archetype typology for the German residential building stock introduced in Chapter 1.1. Within the TABULA research project and its follow-up project EPISCOPE (Institute for Housing and Environment et al., 2016a), a database of real existing buildings was compiled. This database covers 12 building age classes and four building size classes each. For each combination, typical envelope constructions are described for windows, exterior walls, roof or top ceiling, floor to unheated cellar or to ground and front door, at three refurbishment levels. These envelope constructions were defined by an expert panel of German architects and other planning professionals. Heat transfer coefficients are provided for all envelope constructions. Layer thicknesses and thermal conductivities, however, are only specified for the additional insulation layers introduced at the second (standard) and the third (advanced) refurbishment level, not for the not refurbished level. Deviations of the target heat transfer coefficients of 0 to 8 % per envelope construction were found, with one larger exception, i. e. the not refurbished basement ceiling construction used for multi-family houses of building age class 1949 to 1957. The calculated heat transfer coefficient deviates here by 35 % from the database value. This construction consists of a homogeneous layer build-up of only two layers, concrete and screed. The material properties and layer thicknesses used were compared against an independent source, a historical building construction atlas (Lohse et al., 2025). The comparison showed that the construction atlas reproduces the same heat transfer coefficient as the TABULA and EPISCOPE database, whereas the DIN EN ISO 6946:2018 calculation deviates from both. This suggests that an additional floor covering or a similar thin layer may be included in the reference values but not named in both sources and not accounted for in the present layer build-up. For inhomogeneities within a layer, material properties were subsequently combined into a single homogeneous layer using area-weighted averaging. This approach slightly underestimates heat transfer through the resulting layer, since it neglects heat flow perpendicular to the main direction of heat flow. This simplification is nonetheless required for compatibility with the EnergyPlus simulation software used as simulation software (see Chapter 4).
A further outcome of the archetype typology for the German residential building stock is a survey of the German residential building stock itself. Here, the residential building archetypes for Germany are classified according to the parameters of building size class and building age class and characterized by the concept of “synthetic average buildings”. A synthetic average building is a virtual building that corresponds to the statistical average data of the building group it represents. For the synthetic average buildings, covering three building age classes and two building size classes each, heat transfer coefficients are likewise defined for windows, exterior walls, roof or top ceiling, floor to unheated cellar or to ground and front doors. These heat transfer coefficients represent the average refurbishment state of the German residential building stock. Since the underlying TABULA statistics are based primarily on data from 2009 and 2016 and therefore do not reflect refurbishment measures and energy supply system changes carried out since then, the representative typical buildings recently derived by Stein et al. (2025) from official building and housing censuses are additionally used to update the target refurbishment shares and the corresponding envelope heat transfer coefficients of the building archetypes, as described in Chapter 5.
3.2 Data pre-processing
The open data sources are merged per study area into a master building dataset, from which only an aggregated building model compatible building list is exported for building archetype-based model generation. Buildings from the 3D building models are filtered by building function, excluding garages, sheds, and carports. Building parts thermally belonging to a main building, e.g., conservatories, low balcony or terrace substructures, are, based on their footprint size relative to the nearest larger neighboring building and their enclosure ratio classified as thermal conditioned, merged into the main building footprint, or thermal unconditioned, removed from the building list. Addresses are derived from the 3D building model data. ETHOS.BUILDA attributes building age and size class and property boundaries are assigned by largest geometric overlap. Key modeling parameters follow priority cascades applied stepwise per building across the merged data sources. After each step, known values are propagated to neighboring buildings (neighbor propagation) that share a directly adjoining footprint or the same property boundary with a similar footprint size and building function. In the following the main priority cascades are described in bullet points:
Building height: I. 3D building model data attribute, II. ETHOS.BUILDA, III. Neighbor propagation
Building age class: I. Stakeholder survey, II. Neighbor propagation, III. 3D building model attribute, as some federal states have the attribute construction year, IV. Neighbor propagation, V. ETHOS.BUILDA, VI. Neighbor propagation, VII. Default value 
Residential building size class and adjacency: I. Stakeholder survey, II. Neighbor propagation, III. ETHOS.BUILDA, IV. Neighbor propagation
Heated storeys: I. 3D building model attribute storeys above ground, where reported, II. Neighbor propagation, III. Estimation from an effective building height divided by an assumed floor-to-floor height, IV. Neighbor propagation
Heating system type and energy carrier: I. Stakeholder survey, II. Deterministic 2022 Census data assignment
The effective building height is defined by the net of a fixed basement deduction (see Chapter 4.3) and a roof-shape-dependent attic deduction of the above listed building height. The roof shape-dependent attic deduction applied in full where the applicable building archetype construction (see Chapter 5) indicates an unheated attic, i. e. only a top ceiling, rather than a roof as envelope component. The deduction is not applied where it indicates a heated attic, i. e. a sloped roof as envelope component, and, where the building archetype cannot be resolved, falling back to an attic deduction of the above listed building height based on a default deduction per 3D building model roof shape alone. The floor-to-floor height for the calculation of the above listed heated storeys, is the height reported by stakeholders or for the building age class typical mean clear room height plus a fixed allowance for a ceiling-construction of 20 cm. Footprint area derives from the 3D building model ground-floor polygon, i.e., the outer ring of the corresponding surface points. The surface points are directly used in the scripts of the UBEM developed by Johari et al. (2023), see Chapter 4. The heated floor area equals footprint area multiplied by heated floors, gross-to-net corrected by a factor of 0.85 (Institute for Housing and Environment, 2016a), plus the footprint area of any heated building appendages merged in above. The number of occupants per building, used to scale the occupancy profiles (Chapter 4.4), is derived from heated floor area divided by the building-specific per-capita living floor space from the 2022 census (Chapter 3.1), with a minimum of one occupant per building. A stakeholder-reported occupant number, where available, takes precedence. Building size class, together with building age class, defines the size class and age class group used both for archetype assignment and for the group-wise adjustment of a refurbishment-state matrix, both described in Chapter 5. 
3.3 Weather data
Weather data is obtained as high spatial resolution of one km² mean test reference year (TRY) from the German Weather Service (German Weather Service et al., 2017), with historical datasets composed of observed periods matching long-term monthly and seasonal averages of the defined reference period 1995 to 2012 named TRY 2015, and future datasets derived from simulated data by a climate model for the defined future period 2031 to 2060. Although a future TRY might appear preferable given the growing distance of the historical reference period from present conditions, comparison with the available validation data (Chapter 3.4) shows that the historical TRY currently reproduces the study area's heat demand more closely. As expected, the warming reflected in the future TRY already exceeds present-day building-stock and supply-system conditions to a degree not yet matched in reality. The historical TRY 2015 is therefore used for the results presented here. 
3.4 Validation data
Validation data are available from two sources at different spatial levels. At building level, annual final heating and electricity consumption reported through the stakeholder survey for individual buildings is used, as described in Chapter 2.2. Of seven respondents only five reported a heat and or electrical consumption. The specific year to which the reported consumption refers is not queried by the survey and therefore remains unknown. For buildings with a central heating system, the reported annual consumption value is used directly from the survey answer, as it already relates to the entire building. For buildings with apartment level heating systems, by contrast, the survey typically returns a value reported for only a single apartment. This value is then multiplied by the number of heated apartments and the result is taken to represent the consumption of the entire building. This extrapolation amplifies any deviation between the surveyed apartment and the building average that stems from individual user behavior, from the position of the apartment within the building, e.g., a centrally located apartment benefiting from adjacent heated units versus an end or corner apartment with more exposed surfaces, or from an erroneous individual response. At a building block level, the city of Stuttgart provides online (https://maps.stuttgart.de/stadtplan/#) the annual final heat consumption in MWh per building block for the reference year 2023 on a map, where included addresses can be clearly assigned. The provided data is the result of the data collection and pre-processing of the municipal heat planning of the city of Stuttgart. Since no weather station is available within the study area, and the weather data used for the simulation represents the chosen mean test reference year rather than the specific year to which the block level validation data refer, a weather correction of the validation data cannot be performed, and deviations between simulated and reported demand attributable to weather alone must be anticipated.
As a further building block and street segment level comparison, the model-based Waermeatlas Baden-Wuerttemberg (Blömer et al., 2025) is used, retrieved via the Energieatlas Baden-Wuerttemberg web map service at both building-block level and, at finer spatial resolution, aggregated along individual street segments (https://www.energieatlas-bw.de/waerme/waermebedarf/karten?activeLayer=waermebedarf-gebiet, https://www.energieatlas-bw.de/waerme/waermebedarf/karten?activeLayer=waermebedarf-strasse). Both datasets include the useful energy demand for space heating and domestic hot water, generated per building from a national building simulation model differentiated by energetic building archetype, building age class, and climate zone, and subsequently adjusted to federal level consumption statistics. Both aggregation levels available for the present study area therefore represent a consumption-adjusted comparison model rather than a direct measurement, and serve as the consumption-adjusted final energy demand comparison referred to in Chapter 6, alongside with the consumption-based comparison with the data on building block level described above. The described final energy consumptions and consumption-adjusted final energy demands, include space heating and domestic hot water supply and build the reference for model validation results in Chapter 6. The weather data used to generate the simulated final energy demand for space heating and domestic hot water supply are identical to the in Chapter 3.3 described weather dataset mean TRY 2015.
Aggregated building model
The aggregated building models are based on expanded and adapted Python scripts from the UBEM developed by Johari et al. (2023). The UBEM (Johari et al. 2023) generates a thermal building model for each building that is compatible with the EnergyPlus simulation software. This requires geometric input data of each building. Non-geometrical data are, among others, based on defined building archetypes specified in the scripts. The scripts have been extended and adapted to incorporate German data sources and building typologies, as well as the modeling variants defined in Tab. 1, Chapter 5 and described as concept in Lott et al. (2026). 
4.1 3D city model
Buildings are represented at LoD2 data rather than the simple LoD1 “shoe-box extrusion” of Johari et al. (2023). This additionally accounts for roof shape to distinguish heated from unheated attics. For buildings with a heated attic, the roof construction adjacent to outdoor air is simulated as the relevant envelope component. Therefore, the actual sloped roof facets extracted from 3D building models described in Chapter 3.1 are used directly, preserving real roof geometry rather than a flat substitute surface. For unheated attics, the top ceiling with the flat, footprint-based top ceiling area is simulated as the relevant envelope component instead of the roof construction. Additionally, the deducted attic height described in Chapter 3.2 is subtracted from the height used to calculate the heated zone. Window to external wall ratio is applied per building archetype, differentiated by building age and size class from representative typical buildings (Stein et al., 2025), rather than the single fixed ratio trough all building archetypes assumed by Johari et al. (2023). 
4.2 Building archetypes
Thermal properties of the building envelope are assigned depending on the chosen building archetype variant. This Chapter describes the basic variant, which uses the unmodified national building archetype. In Johari et al. (2023), each building is mapped onto a single archetype construction set. This construction set uses one representative mean heat transfer coefficient for each envelope component. Comparable to the representative typical buildings of Stein et al. (2025), this mean heat transfer coefficient for each envelope component would already average over the real, heterogeneous refurbishment states found across the German building stock. Here, each building is instead assumed to have one specific refurbishment level, according to the three refurbishment levels of the real existing buildings of the TABULA and EPISCOPE database (Institute for Housing and Environment et al., 2016a) described in Chapter 3.1, i. e. not refurbished, standard refurbished, or advanced refurbished. Each level corresponds to its own building archetype construction, with its own heat transfer coefficient.
To reflect the actual refurbishment progress of the building stock in Germany, buildings are distributed across these three refurbishment levels. Therefore, buildings in the study area are first grouped by building size class and age class. For each group and each envelope component, the target heat transfer coefficient of the related representative typical building group of Stein et al. (2025) is compared against the heat transfer coefficients of the group's own three refurbishment levels. This comparison yields, per envelope component, the area share of the group that should be at standard refurbished level or at advanced refurbished level to reproduce the target heat transfer coefficient. Within this share, a fixed split of 92.25 % standard refurbished level and 7.75 % advanced refurbished level is applied, taken from the distribution of refurbishment states in the federal state Baden-Württemberg of Dabrock et al. (2025). Since no single target heat transfer coefficient covers all envelope components jointly, the resulting area shares are averaged into one combined area share per building group. Each building in a group is then assigned one of the three refurbishment levels. This assignment uses a deterministic procedure. Buildings are weighted by their heated floor area, and refurbishment levels are allocated so that the group´s combined, adjusted target are shares for standard and advanced refurbishment level are matched as closely as possible. A refinement of this basic building archetype into further variants is described in Chapter 5. Infiltration is set to a medium rate at 0.2 air changes per hour for each building archetype and refurbishment level, according to the TABULA and EPISCOPE database.
4.3 Thermal zoning
The single-zone per building approach of Johari et al. (2023) is retained to keep model complexity and computational cost low at district- to city-scale. Single-zone models show greater deviation from measured data at building level and hourly resolution than multi-zone models, but this becomes negligible at higher spatial aggregation (Johari et al., 2023), and the resulting low computational cost may additionally enable interactive simulation for a better consulting within the dialogue workshops. As model results shall be used to support both consulting on building level and on higher aggregation level for different stakeholder groups. Buildings adjacent to a neighboring building, like semidetached or terraced houses, are assumed to share a common wall. Adjacency is determined through a one meter buffered geometric overlap between neighboring footprints. The determined common walls are modeled as adiabatic and without windows. As residential buildings in the study area predominantly have a basement situated at least 1.5 m above ground level, every building is assumed to have a thermal unconditioned basement, extending 1.5 m above and 1 m below ground, with below-ground constructions equal to the corresponding above-ground constructions but a different boundary condition. 
4.4 Occupancy and load
The occupancy and load model of Johari et al. (2023) was retained unmodified. Hourly occupancy, internal heat gain, lighting, appliance and domestic hot water profiles are derived from average daily load profiles generated by a stochastic model originally developed for typical Swedish households, representing 100 profiles of single-family houses and 10 apartments in multi-family houses, averaged into fixed 24-hour weekday and weekend profiles each and scaled by the number of occupants per building. The number of occupants per building is estimated as described in Chapter 3.2. Adapting this to German households, the stochastic 24-hour domestic hot water profile was scaled to the typical per-capita domestic hot water consumption in Germany of 40 Liters, as also used in the domestic hot water profile generator DHWcalc developed at the University of Kassel (Jordan and Vajen, 2000) at 42 °C. Solar gains are calculated by EnergyPlus, accounting for shading from neighboring buildings that share the same property boundary as the building in question, following Johari et al. (2023).
4.5 HVAC systems
Space heating and domestic hot water demand simulated with the selection “ideal-loads air system” of the simulation software EnergyPlus. Space heating and domestic hot water and electricity demand, are converted to final energy in a simplified post-processing step. Fixed conversion efficiencies according to the reciprocal of the energy expenditure coefficients defined in the TABULA database apply per assigned energy carrier, i. e. gas with 0.92, heating oil with 0.88, district heating with 0.98 and other with 1.0. The latter is assumed to be only electricity, as one of the stakeholder respondent’s electrical apartment heating as the predominant heating system for space heating and domestic hot water. For heat pumps coefficient-of-performance correlations of Ruhnau et al. (2023) as a function of the temperature lift between heat sink and source, already implemented for ground-, water-, and air-source heat pumps following Johari et al. (2023) were used. Where present, solar thermal systems are assumed to cover a fixed fraction of 40 % of domestic hot water demand, defined in the TABULA database. This fixed fraction is deducted before the conversion to final energy. Heating and cooling setpoint temperatures for selection “ideal-loads air system” follow the building-specific definitions described in Chapter 2.
Building archetype development
The aim of the newly developed extended aggregated building model is to increase the reliability of building level results for use in individual consulting activities, without requiring fully individualized, multi-zone building models. To receive this aim, the share of primary input data, in the sense of the classification of Malhotra et al. (2020), is to increase by feeding stakeholder survey data into the archetype-based single-zone framework of Chapter 4. Deviating from the modeling concept described in Lott et al. (2026), where local archetypes are formed through hierarchical clustering of stakeholder-reported priority-two parameters within each national archetype, the low survey response rate obtained here (see Chapter 2) does not provide a sufficient number of responses per national archetype group for a meaningful clustering step. Instead, the two derivation variants introduced in Chapter 2.2, local building archetype and stakeholder-specific, are used directly. Additionally, rather than averaging the four envelope components into one combined area share and assigning a single, uniform refurbishment level per building, as described for the national building archetype in Chapter 4.2, energetic envelope state is represented here as a matrix of four independent envelope components, i. e. windows, exterior walls, roof or top ceiling, floor to unheated cellar, each assigned its own refurbishment level. This finer representation is motivated by the responses of the stakeholder survey (Chapter 2.1), which show a predominance of partial, component-level refurbishment, e.g., exterior walls and windows refurbished while the roof or floor to unheated cellar remain not refurbished, rather than buildings refurbished uniformly across all four components at once. Representing refurbishment state per component therefore allows the actual heterogeneity of the building stock to be captured at the level of the individual building. Where survey-derived refurbishment levels are unavailable for a given building and component, the same target heat transfer coefficient comparison described in Chapter 4.2 is applied independently to each of the four envelope components, rather than being averaged into one combined area share. Unlike the national archetype, where the resulting single, combined level per building is weighted by heated floor area, each component's own area is used as the weight here, since each component's target heat transfer coefficient and physical extent differ. Where a stakeholder-reported refurbishment level is available for a given component, it is used directly for that component alone. For buildings with a measured thermal insulation thickness and thermal conductivity, an individually parametrized component construction data set is generated for the corresponding component. Combining the sources of refurbishment-state information described yields to three modeling variants, all built from the same underlying per-component refurbishment matrix but differing in how it is populated for a given building (Tab. 1).
Tab. 1: Modeling variants and their refurbishment-state source and component construction data set basis
	Variant
	Refurbishment level per component

	National building archetype
	One uniform level for all four components, adjusted as described in Chapter 4.2

	Local building archetype
	Independent level per component, survey-derived where available (see Chapter 2), otherwise adjusted per component as described in Chapter 5

	Stakeholder-specific
	As local building archetype, but default values for windows external walls, roof, floor to unheated cellar overridden where detailed insulation data is available 


The automated evaluation of the stakeholder survey currently covers only the above-described defined subset of questions. The local building archetype and stakeholder-specific variants are distinguished exclusively with respect to envelope refurbishment state, while all other mapped parameters are derived identically in both variants.
Results
Simulation results are compared at building and block level for the three modeling variants introduced in Chapter 5, against the validation data described in Chapter 3.4. The analysis is limited to residential buildings, since the archetypes and usage profiles of non-residential buildings have been taken into account methodologically but have not yet been parameterized. Including only building blocks one to five in Fig. 1 (Chapter 2), with a negligible proportion of thermal conditioned non-residential buildings, in the analysis reduces the number of buildings from 132 to 103. Model performance is assessed using two complementary indicators, following Rehmann et al. (2025). The Normalized Mean Bias Error (NMBE) and the Coefficient of Variation of the Root Mean Square Error (CV-RMSE). The NMBE quantifies systematic bias, whether a variant consistently over- or underestimates the reference final energy consumption or consumption-adjusted final energy demand defined in Chapter 3.4, while CV-RMSE quantifies the overall scatter of simulated final energy demands around that reference, independent of its direction. The two indicators were chosen, since a variant can show a small NMBE while still carrying a high CV-RMSE, if positive and negative deviations across buildings, street segments, or building blocks happen to offset each other in the mean without doing so individually. Reporting both together, as recommended by Rehmann et al. (2025), is therefore necessary for a transparent assessment of whether and at which spatial level the local building archetype and stakeholder-specific variants actually improve on the national building archetype variant. The mean absolute percentage error (MAPE) is reported alongside as auxiliary, since a small number of buildings with disproportionately large relative errors is more directly visible in MAPE than in an aggregate scatter-based metric such as CV-RMSE.
At building level, for the five buildings with stakeholder-reported annual final energy consumption for space heating and domestic hot water supply (see Fig. 2 (a)), the national building archetype shows a moderate negative bias of NMBE -11.8 %, MAPE 18.6 % and CV-RMSE 33.8 %, while the local and stakeholder-specific variants show a comparable magnitude positive bias of NMBE +15.1 % and +15.8 % and a substantially higher MAPE of 38.1 % and 39.5 %. CV-RMSE, however, does not confirm this ranking. It is highest for the local variant with 58.0 %, and lowest for the national variant with 33.8 %, and for the stakeholder-specific variant in between with 48.0 %. Since CV-RMSE weights larger absolute deviations more strongly while MAPE is dominated by relative deviations on individual, sometimes small, reference values, this divergence points to a small number of buildings with disproportionately large relative errors driving the MAPE ranking without dominating the overall root-mean-square error. This is visible in Fig. 2 (a) as isolated buildings where the simulated bar diverges from the reference bars while most others align reasonably well. The building-by-building deviation is highly heterogeneous. Under the local building archetype and stakeholder-specific variants, the largest deviation is shown for building number 20. Its reference stakeholder-reported annual final energy consumption is a low, apartment-scaled extrapolation (Chapter 3.4), further undermined by an internally inconsistent stakeholder response. The stakeholder response reported an all-electric heating system, with electric apartment heating for space heating, electric instantaneous water heaters for domestic hot water, but a low annual electricity consumption alongside a separate even lower annual gas consumption. The survey also reports this building's envelope as not refurbished, which these two variants apply directly, yielding the highest simulated annual final energy demand of all validatable buildings in the study area. Under the national building archetype variant, where this stakeholder-reported refurbishment state is not used, building number 20 instead receives a standard refurbishment level through the adjustment described in Chapter 4.2, which happens to reproduce its low reference stakeholder-reported annual final energy consumption for space heating and domestic hot water supply more closely, coincidentally rather than because it reflects the building's actual energetic envelope state. Compounding this, because the stakeholder-reported heating system type and carrier could not be used for the national building archetype variant, its heating system type and carrier falls back to the deterministic census data assignment (Chapter 3.2), which assigns an oil-fueled central heating system for the final-energy conversion. This is contradicting the stakeholder-reported electric heating and illustrating a combination that would undermine trust if shown to this building's residents in the dialogue process. The largest deviation under the national building archetype variant instead occurs for building number 90, which is likewise assigned a standard refurbishment level by the same adjustment, while the survey reports only a window replacement and light wall insulation for it, materially less than standard refurbishment, so the assigned level overestimates its actual refurbishment progress. At building block level (see Fig. 2 (b)), for the five building blocks with available annual final energy consumption for space heating and domestic hot water supply, the national building archetype again shows a negative bias, of NMBE - 15.2 %, MAPE 14.3 % and CV-RMSE 17.9 %, while the local building archetype variant performs best with NMBE -4.4 %, MAPE 7.8 % and CV-RMSE 11.6 %, followed by the stakeholder-specific variant with NMBE - 11.1 %, MAPE 11.2 % and CV-RMSE 15.2 %. At street-segment level, for nine validatable street segments (see Fig. 2 (c)), all three variants are validated against the annual consumption-adjusted final energy demand for space heating and domestic hot water supply of the comparison model. The local building archetype variant again performs best with NMBE -5.7 %, MAPE 12.4 % and CV-RMSE 13.7 %, followed by the stakeholder-specific variant with NMBE -10.9 %, MAPE 14.5 % and CV-RMSE 15.9 %, and with the national building archetype showing the largest deviation with NMBE -18.7 %, MAPE 21.3 % and CV-RMSE 20.6 %, the same ranking as at block level.
[image: ]
Fig. 2: Final energy for the three modeling variants, national and local building archetype and stakeholder-specific, against the respective reference, at building level (a), block level (b), and street-segment level (c)
For the national building archetype, MAPE rises marginally from building to street level before falling at block level, again interrupting the otherwise expected decrease of deviation with increasing spatial aggregation as building-specific deviations average out (see Chapter 1.2; Oraiopoulos and Howard, 2022). By contrast, CV-RMSE decreases monotonically across all three levels for the national building archetype as well at block level, so the exception is confined to MAPE. For the local building archetype and stakeholder-specific variants, both MAPE and CV-RMSE decrease monotonically from building to street to block level, consistent with the same expectation. Even the building-level deviations reported here, from MAPE 18.6 % to 39.5 %, remain well within the wide range Oraiopoulos and Howard (2022) report for typical UBEM results at building level (Chapter 1.2), falling, as expected, to a few percent at block level.
Conclusion and Outlook
This article presented a newly developed extended aggregated building model that refines national building archetypes into a local building archetype and a stakeholder-specific variant using stakeholder survey data. At building block level, both refined variants, the local building archetype and stakeholder-specific, improve compared to the national building archetype on every indicator, with the local variant achieving the closest overall agreement with validation data. The same ranking is corroborated independently at street-segment level against the consumption-adjusted final energy demand for space heating and domestic hot water supply of the comparison model. At building level, however, both refined variants show a larger average percentage deviation between simulated final energy demand and reported final energy consumption than the national building archetype variant, and the direction of their systematic bias is reversed relative to it. While the national variant on average underestimates reported final energy consumption, the local and stakeholder-specific variants on average overestimate it. Looking instead at the overall scatter of deviations, the ranking among the three variants changes and no longer consistently matches the percentage-based one. The scatter deviations weights larger absolute deviations more heavily than the percentage-based comparison do. Whereby the building-level result is shaped by two specific outlier buildings. Building number 20 dominates the deviation under the local building archetype and stakeholder-specific variants. Under the national building archetype, by contrast, this building's reported refurbishment state is not used, and the assigned standard level of refurbishment by the described method in Chapter 4.2 happens to match its low reference value without reflecting its actual state. Based on these indicators, the expected added reliability of simulation results by incorporating stakeholder data at building level could therefore not be confirmed. At the same time, this article shows that data comparable to the one resulting from the stakeholder survey is necessary for building-specific stakeholder consulting, since without it, refurbishment states and heating systems are assigned through randomized apportionment (Chapter 4.2), which risks trust in simulation results and the transformation proposals derived from them.
Part of the remaining deviation must also be expected due to two unaddressed limitations. The test reference year weather does not match the specific consumption year, and the energy performance gap as mentioned in Lott et al. (2026) is not yet represented in the simulation. Beyond these, two directions are prioritized for further validation. First, given the low survey response rate (Chapter 2.1) and the validation data-quality risk illustrated by building number 20, the building level assessment currently rests entirely on self-reported, unverified stakeholder final energy consumptions. Validation of the simulated use and final heating, cooling, and electricity demand profiles against measured data or against comparable UBEM environments in a high temporal resolution is needed at every spatial level, especially on building level, to get load-shape errors against hourly profiles become visible and to be able to classify acceptable deviations between simulation results and measurement data.
Future development of the extended aggregated building models will extend the model to non-residential buildings with case study specific usage profiles and envelope properties, and will replace the currently averaged domestic-hot water profile with an individually seeded, building specific profile as well as explicit modeling of the energy supply system itself, enabling scenario comparisons across weather, refurbishment progress, and centralized versus decentralized energy supply systems. Overall, the extended aggregated building model presented here provides a tool for determining building-level heating, cooling, and electricity demand, forming a solid basis for subsequent, high-temporal-resolution simulations of different energy supply system variants.
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