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ABSTRACT 
 Renewable and Citizen energy communities offer a 
collective pathway to decarbonize the building energy 
sector through shared energy generation, investment, 
and energy efficiency. Social science studies focus on 
RECs and CECs are mostly case specific. Current energy 
system models mostly do not capture individual building 
heterogeneity. EnerPlanET, an open-source, web 
browser-based, and highly spatially explicit model, aims 
at addressing this gap by integrating building energy 
system with regional renewable and energy 
infrastructure planning. This paper presents an open-
source single building parameterized Python-based 
model, called Building Energy Model (BuEM). BuEM is 
intended to become one of EnerPlanET’s modules. It is 
based on the lumped capacitance 5R1C model that 
follows the NEN-ISO 52016-1 standard. BuEM calculates 
thermal energy demands considering detailed 3D 
building geometry, weather, and a European, commonly 
used, buildings-related TABULA database. The model can 
calculate the hourly heating and cooling loads of building 
for a year in less than 8 seconds using a standard laptop. 
The model input choices can be made by users, 
developers, or modelers, where atypical characteristics 
of every building within a community can be captured, 
which is highly helpful in regional spatial planning.  
 
Keywords: energy communities, building energy model, 
open-source, python, parameterization, regional spatial 
planning   

NONMENCLATURE 

Abbreviations  
 API Application Programing Interface 
 BuEM Building Energy Model 
 CEC Citizens Energy Community 

 ISO 
International Organization for 
Standardization 

 
# This is a paper for the 17th International Conference on Applied Energy (ICAE2025), December 8-12, 2025, Bangkok, Thailand. 

 LOD Level Of Details 
 OSM Open Street Map 
 REC Renewable Energy Community 
 TSIB Time Series Initialization for Buildings 
 UBEM Urban Building Energy Model 

1. INTRODUCTION 
As per European Commission’s 2020 news article [1], 

buildings within European Union consume 40% of 
primary energy and are responsible for 36% of 
greenhouse gas emissions, making them central to 
energy transition. Through group investments supported 
by revenue streams from energy sharing and trading 
among their members, renewable energy communities 
(RECs) and Citizen Energy Communities (CECs), can 
contribute to the decarbonization of the building stock 
across the continent. Compared to individual buildings, 
RECs and CECs can leverage from the heterogeneity of 
energy consumption and generation profiles of different 
building archetypes and locations to make a better use 
of locally generated energy, from, e.g., photovoltaic 
installations, leading to higher self-consumption and less 
demand/supply peaks that in many cases are associated 
with better business cases (see, e.g., Felice et al. [2]). 
Moreover, legal forms for these RECs and CECs such as 
Consumer Stock Ownership Plans can enable 
investments in energy efficiency measures such as 
retrofitting of buildings that would be impossible for 
individual (low-income) homeowners [3]. RECs and CECs 
can therefore be a major boost for the energy transition.  

RECs and CECs have emerged in many places in 
Europe, but to become mainstream, support is still 
needed. For instance, the scientific community has 
contributed with an ever-growing body of literature 
studying the reasons for emergence and how to foster 
and optimize RECs and CECs. However, most existing 
studies are case-specific [4] and there is a lack of 
modeling approaches, for land use and infrastructure 
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planning, that can be easily, and generically used for any 
location in the continent. One of the reasons for this is 
the specific spatial scale of such systems. The 
representation of a REC with few dozen buildings can be 
performed with bottom-up models such as, Urban 
building energy models (UBEMs) [5]. However, RECs 
generally have a few to several hundreds of buildings, or 
it is a CEC with buildings sparsely located over several 
square kilometers. Then, UBEMs become too expensive 
in terms of data requirements and computational 
capacities [6]. A solution is to approach the system with 
a whole energy system model that typically represent 
energy demand and supply in highly aggregated form. 
However, a high level of aggregation misses one of the 
key points of RECs and CECs that is the heterogeneity of 
individual buildings, their preferences and potential 
individual actions. A current initiative trying to bridge this 
gap by integrating high-resolution building energy 
models with whole scale system models is EnerPlanET 
[7]. It is an open-source, web browser-based, and 
spatially explicit planning modeling suite that operates at 
a regional scale within a country, i.e., municipality, 
energy community level, or a group of municipalities, 
while keeping into consideration details at the building 
level. In this paper, we present a thermal building energy 
model that is designed for seamless integration with 
EnerPlanET’s modular structure. 

Several UBEMs are detailed and physics based, for 
example TRNSYS [8], making it computationally 
challenging to run at larger spatial scales [5]. Therefore, 
most of the published work on spatio-temporal modeling 
of neighborhood or municipality level of building energy 
demand relies on lumped-capacitance models [9]. More 
specifically, EN ISO 52016 compliant 5R1C models are 
used because of its reasonable simplicity and accuracy 
with which building thermal loads can be calculated [10].  

We looked for a python based, existing open-source 
thermal building model that can be integrated with 
EnerPlanET efficiently. Two open-source python models 
that use 5R1C for their heating and cooling load 
calculations were identified for our development, 
namely, Time Series Initialization for Buildings (TSIB) [11, 
12] and Energy Urban Resistance Capacitance Approach 
(EUReCA) [13, 14]. While the thermal demand modules 
are similar for both, EUReCA does not include occupancy 
profiles, rather occupancy percentages or volumes to 
represent internal gains [13]. TSIB, on the other hand, 
uses occupancy profiles generated using another model 
named TSORB [15]. Therefore, we opted for TSIB as the 
starting point.  

TSIB models the heat demand based on an 
optimization method that minimizes cost and carbon 
emissions depending on refurbishment levels. However, 
the optimization makes the model simulations 
computationally intensive. To develop a model suitable 
for integration with EnerPlanET, we removed the 
optimization component and implemented a 
parameterized approach that is modular in structure and 
computationally efficient, facilitating application at 
larger geographical scales of RECs and CECs. We also 
further developed the model to facilitate integration of 
building characteristics from common and detailed 3D 
building data, and to make it useful at any location in the 
continent by incorporating a high resolution reanalysis 
product to gather weather data, namely, COSMO-REA6 
[16]. 

2. METHODOLOGY  
We developed a thermal energy demand model 

based on NEN-EN-ISO 52016-1 [17]. This ISO provides a 
calculation method for energy performance of buildings, 
including energy needs for heating, cooling, internal 
temperatures, and sensible and latent heat loads.  The 
model is called Building Energy Model (BuEM). Fig. 1 
shows BuEM with its inputs and the output connections.  

BuEM is coded in the Python language and is 
available on GitHub [18]. It has both pip and conda 
environment installation possibilities. Table 1 provides 
details on the software and hardware requirements for 
using BuEM. We created docker containers which make 
the model run OS independent and without any conflicts 
with any existing packages. The model runs 
independently without needing any external inputs or 
information. Additionally, BuEM structure is modular 
allowing for easy model updates and expansion to add 
additional features. 

 
Fig. 1 The BuEM model with input/output 

connections 
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Table 1 Software/hardware requirements for BuEM 

 
The core component of BuEM is the thermal demand 

module (Fig. 1). This module is based on the lumped 
capacitance 5R1C model. BuEM is a parameterized 
model. It is created from an existing open-source 
optimization-based python model TSIB [11]. In this 
process, we removed explicit categorization into 
buildings types, classes, and energy/insulation levels. We 
also removed decisions based on choices between 
different types of building components options, and 
related costs, which are also included in TSIB.  

These above-mentioned attributes are included as 
inputs to the model (Fig. 1). BuEM does not make choices 
or decisions regarding insulation levels of buildings as an 
optimization model TSIB does. In this manner, we 
managed to reduce the model’s computation complexity 
and processing times. Energy community users or model 
developers have to provide insulation levels, and other 
or specific building attributes information via the 
EnerPlanET graphical user interface [19].  

The thermal demand module presents a simplified 
version of the 5R1C thermal demand model considering 
the linearized equations (eq.) 20 – 22 presented by 
Schutz et al. [9]. We considered solar and internal gains 
to be proportionally distributed between the heat flow 
components of each node. Therefore, we avoided non-
linearized equations associated with heat flow into the 
mass and surface nodes, and their corresponding mixed 
integer linearization, i.e., eqs. 15 – 19 and 23 – 25 of 
Schutz et al. [9]. The internal heat gain component in 
BuEM considers the impact of occupancy and electricity 
load, with a year around static base value.  

Currently, we consider, a set temperature of 22.50C, 
as a mean of 21 and 240C, for heating and cooling. 
Heating load is the load required to raise the internal air 
temperature up to the set point temperature. Similarly, 
the cooling load is the load required to bring the internal 
air temperature down to this temperature.  

The thermal demand module is discretized, linear, 
and sparse. The matrix is represented as AX = B, where A 
is the coefficient matrix, X is the column vector of 
variables, and B is the column vector of constants for 
each time step, i.e., one hour temporal resolution. 
Therefore, for each hour, the model currently solves four 
variables: three temperature nodes (mass, surface, and 
air), and the thermal load (heating or cooling). Thus, 
4*8760 variables are solved for a full year, with the same 
number of corresponding equations. The model also 
provides a possibility to analyze a part of the given year, 
for example, a month or a week. So, BuEM is a 
parameterized representation of the standard 5R1C 
model.  

We tested the following modules in Python for 
solving our matrix: SymPy, NumPy, and SciPy – see Table 
1. SymPy does not require a matrix creation [20]. Rather, 
a representation in the form of equations is sufficient. 
However, SymPy is only suitable for solving a small time 
period, say, for a week, i.e., 4*7*24 variables. For the 
large sparse matrix, i.e., for a full year solve, SciPy offered 
the best solution [21]. The matrix is formulated with 
lil_matrix and vstack modules and solved with spsolve of 
SciPy. Numpy is used to stack the constants.  

The input data for the thermal demand module are 
weather data, 3D building data, building typology and 
characteristics, and occupancy information (Fig. 1). The 
input data are collected from open sources. Separate 
modules are used for these inputs. Yellow colored inputs 
in Fig. 1 are customized inputs developed independently 
of BuEM. An existing module named TSORB [15] is used 
for providing profiles related to occupancy and 
equipment utilization (blue color in Fig. 1). Different 
inputs are collected through different sub-modules 
within BuEM, making the overall model structure 
modular.  

For weather input, we used an open-source weather 
data named COSMO-REA6 due to its high resolution 
(6km*6km) and its coverage of entire Europe [16]. This 
allowed us to create a single weather database without 
being too concerned regarding the location of RECs and 
CECs within Europe. Since spatial spread of these 
communities are relatively small, it is expected that in 
most of the cases these can be covered in a single pixel 
of the COSMO-REA6 reanalysis data set. This means that 
a single profile is extracted for each attribute mentioned 
above for all building within a single energy community. 

Currently, we are extracting solar-related attributes, 
temperature and direct and diffused radiation, to 
calculate internal solar gains of a buildings through its 
components. The latter two attributes are used to  

Tool/language  Python 3.11+  

Current modules or 
dependencies in python  

• matplotlib  

• numpy  

• pandas  

• pvlib  

• scipy  

• sympy  

• openpyxl  

• cvxpy  

Docker   Docker version 28.0+  

OS environment  Independent  
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calculate global horizontal irradiance, direct normal 
irradiance, and diffuse horizontal irradiance. These 
annual profiles with hourly resolution are used as inputs 
to BuEM. Python module pvlib (see Table 1) is used to 
calculate solar gains for different building components 
[22].   

3D building input were collected from open-source 
national or regional databases of the countries and 
regions where energy communities are located. 3D 
building data are categorized into levels of details (LODs) 
depending upon the details with which different building 
components are presented [24]. LOD 2 used in this 
research provide a detailed representation of roofs, 
walls, and floor. Following 3D building attributes were 
extracted as relevant input data for BuEM: wall and floor 
areas, and roof details, including tilt, orientation, and 
area.  

Different countries have different data formats for 

building geometry data, for example, the Netherlands 
has cityjson and geopackage, whereas Austria and 
Germany has citygml. A building module in EnerPlanET 
extracts the above-mentioned attributes values from 
these different data formats into a standardized format 
within a localized PostgreSQL database. BuEM uses SQL 
queries to extract these information from the database. 

Building typology and characteristics information is 
extracted from an open-source pan-European webtool 
TABULA [23]. The following information were collected 
from TABULA: building type and year of construction, 
number of persons, and number of floors. The building 
type and year of construction input information is used 
to gather the final set of inputs for BuEM, i.e., building 
refurbishment levels and each building component’s 
thermal transmittance.  

We set up a test run with BuEM with the following 
input information. We considered a hypothetical old 

multi-family house in 52.1164°N, 6.0190°E coordinates in 
the Netherlands. The weather data was considered for 
2018 from COSMO-REA6. The building inputs for the 
multi-family house in TABULA was a construction year 
class of 1964. Transmittance information for a building 
with no refurbishment was considered from TABULA.  

3. RESULTS AND DISCUSSION 
We present the results of the test run. The output is 

thermal energy demand of a single building for the whole 
year with an hourly resolution (see Fig. 1). Fig. 2 shows 
the model results on building temperature at different 
temperature nodes (0C) – air, mass, and surface [A]; 
heating and cooling demands (kWh/h) [B]; and solar 
gains (kWh/h) [C]. The result shows that the model is 
capable of calculating the 5R1C model variables.  

All the node temperature follows external 
temperature, which is very low during winter months 

and near to the comfort temperature range in the 
summer – Fig. 2 [A]. The surface node temperature is 
high in the beginning and end of the year due to 
constraint boundaries fixed at the set temperature.  

The lower temperature at nodes forces a high heat 
demand in the winter months, gradually lowering 
towards summer – Fig. 2 [B]. In the summer months, 
cooling kicks in when temperature is above the set point 
temperature. Therefore, the thermal energy demand 
profile is the opposite of the all node temperature 
profiles. Transmittance through windows are much 
higher compared to opaque building components 
leading to higher solar gains throughout the year – Fig. 2 
[C].  

The total heating and cooling demands for a full year 
are ~350 MWh and ~5 MWh, respectively. The net 
heating demand per unit area is 1.3 times higher 

 
Fig. 2 Hourly representation for a year.[A] All nodes and external temperatures (0C), [B] heating and cooling loads 

(kWh/h), and [C] solar heat gains (kWh/h) 
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compared to the TABULA result for the corresponding 
building in the Netherlands.  

The processing time of this BuEM model run was ~8 
seconds. Overall, we managed to reduce computation 
time from >4mins in TSIB to a few seconds (6 – 12 
seconds) in BuEM using the same processor, i.e., a 
computation time reduction of at least 98%. This is 
processed in an standard laptop: HP EliteBook 840, 16 GB 
RAM, Intel Core Ultra 7, 1700 Mhz, 12 cores, and 14 
logical Processors. The significant reduction in processing 
times is attributed to the following factors. First, we are 
solving much less equations compared to Schutz et al. [9] 
by avoiding non-linear equations or linearization of non-
linearity. In this process, we made assumptions regarding 
the distribution of internal and solar gains between 
different nodes. Second, the thermal demand module of 
BuEM does not preprocess any input data. It only 
computationally solves a large matrix based on a given 
set of input configuration. Third, we use a power python-
based matrix solver SciPy which is specifically designed 
for solving such large sparse matrices.  

A typical EC in Europe has a few hundred buildings. 
Shorter processing times of a single building in BuEM 
allows us to run the simulation for the whole community 
in a reasonable time. To reduce the time further, we 
intend to take advantage of multiprocessing packages of 
Python and parallel processing of servers. Overall, we 
expect the time for running the thermal module for the 
whole community to require only few minutes.   

EnerPlanET has an open structure. This means that 
each component module can be developed 
independently. This allowed us to develop BuEM without 
working within EnerPlanET environment or package. This 
allows for better orchestration of parallel or series 
activities in EnerPlanET, ensuring better coordination 
and freedom between different research organizations 
working with EnerPlanET.  

We intend to improve the model set up for the 
future. First, we remove the fixed set temperature of the 
mass node for the first and last hour as this is forcing the 
model to have a significantly different mass node 
temperature compared to the external temperature, 
especially due to winter months, leading to a high heat 
demand for these hours. We correct the mass node 
temperature by running the model twice using the final 
balance of the first year as an input for the next year. 
Second, we provide different set temperature for 
heating and cooling. In reality also, people neither try to 
heat to 22.50C in winter nor try to cool to this value in 
summer.  

RECs and CECs in Europe, particularly the 
Netherlands, have different variety of buildings. 
Members of these communities suggest that they could 
provide real building data for similar building clusters or 
individual buildings typologies, insulation levels, 
refurbishment or retrofitting, and occupancy. Similarly, 
thermal demand profiles with an hourly resolution could 
be made available by these communities. This can assist 
in further validation of our model. 

4. CONCLUSIONS 
EnerPlanET is a tool that aims at bridging the gap 

between high-resolution UBEMs and large-scale energy 
system models, supporting the planning of RECs and 
CECs within the European Union. We created a building 
energy model called BuEM that uses a lumped 
capacitance, 5R1C model complying with ISO 52016-1 
standards, to compute building energy demand and 
enhance EnerPlanET’s simulation capabilities. BuEM’s 
temporal scope and resolution are annual and hourly, 
respectively. The model is created in Python and is 
available as open source in GitHub. It is meant to be 
easily used by developers, modelers, and user 
community. 

BuEM is created as a parametrized model from an 
existing optimization-based model. This reduced the 
processing times significantly, i.e., >98%. BuEM is highly 
modular, generic, and expandable. This allows BuEM to 
be easily orchestrated together with or within other 
regional energy system planning models, such as 
EnerPlanET. The integration with COSMO-REA6 weather 
data and commonly available 3D building data should 
enable it to be used for any location in Europe. 
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