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Abstract. This work focuses on the energy upgrade of a neighbourhood located in Yverdon-
les-Bains, Switzerland. Starting from a potential low-temperature district heating network, the 
possible integration of new buildings equipped with solar thermal collectors capable of 
interacting with the network is explored. The methodology proposed in this work focuses on 
the study of the energy balance of the district at reduced time intervals. Bringing the level of 
detail to every single hour of the year, the concept of energy balance is superseded by the 
hourly averaged power balance as a specific tool for a detailed exploration of the energy flows 
exchanged within the district. Self-sufficiency has also been identified as key performance 
indicators to better understand the ability of the entire district to satisfy its heating and 
domestic hot water needs, modelled in CitySim’s urban energy environment. The outcomes 
have shown that an annual energy balance is ineffective and unrealistic for describing 
performances of the district. On the other hand, the hourly averaged power balance proves to 
be a powerful tool for understanding the dynamics of the neighbourhood. The district's energy 
flexibility, which relies on energy sharing, is a characteristic that cannot be assessed annually. 
Using the new proposed methodology to evaluate the district's thermal energy sharing, it was 
discovered that the district functions as a Zero Energy District for 28.9% of the year. With the 
outcomes presented in this study, it is now possible to comprehend how a dynamic 
performance assessment positively impacts a district's redevelopment strategies. 

1.  Introduction 
The energy consumption in buildings is a significant sustainability concern as they account for a 
significant portion of global energy demand. Addressing this issue is crucial to minimize their 
environmental impact and ensure a sustainable future [1]. Heating and domestic hot water usage are 
particularly important factors to consider in reducing overall energy demand in buildings. In urban 
areas, where energy demand is concentrated and population growth is rapid, the issue becomes even 
more critical [2]. Energy-based communities have emerged as a viable solution [3], encouraging the 
sharing of resources like renewable energy generation and storage, along with the adoption of energy-
efficient technologies and practices [4]. In the pursuit of sustainability and energy efficiency at the 
community level, district heating technologies have emerged as a promising option [5], offering 
opportunities for energy sharing and technical implementations. One notable advantage of district 
heating is their ability to integrate renewable technologies seamlessly. Solar thermal collectors, waste 
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heat recovery systems, and biomass generators can be easily incorporated into these networks, 
promoting district heating as a viable alternative to electrification [6]. Governments worldwide have 
set ambitious decarbonization goals, and exploring district heating networks as an efficient and 
sustainable heating solution aligns with these objectives. Additionally, research efforts have focused 
on improving and optimizing thermal networks, as well as integrating state-of-the-art renewable 
technologies [7]. 

1.1.  Aim of the work 
This paper focuses on the energy performance assessment of a realistic district heating network layout 
that is potentially expanding by integrating new buildings and renewable sources within the network. 
The study aims to evaluate energy performances by adopting a novel methodological framework that 
accounts for the dynamics of the buildings and technical systems involved. In particular, this paper 
compares an energy assessment conducted on an annual basis with an hourly dynamic assessment, 
shifting the focus from a static annual energy balance to an hourly averaged power balance, comparing 
a state of design with a possible expansion of the thermal network by integrating new buildings and 
solar thermal panels. This research has a twofold objective: on the one hand, it emphasizes the 
importance of a dynamic approach in assessing the energy performance of buildings. On the other 
hand, it contributes to the existing body of knowledge on district heating networks and their role in 
sustainable energy transitions. The findings of this study are expected to provide insights into the 
effective utilization and energy assessment of district heating networks, offering a novel 
methodological approach for enhancing energy efficiency and sustainability at the neighborhood level. 

2.  Material and methods 

2.1.  Case study and energy systems 
The case study consists of a small district made up of nine existing buildings connected to a 4th 
generation low temperature district heating network (DHN), located in the municipality of Yverdon-
les-Bains, Switzerland. Currently (2022 scenario), the DHN provides heating and domestic hot water 
for all connected buildings. Future expansions are planned, including the construction of nine new 
buildings that can be connected to the existing DHN. These new buildings may also have solar thermal 
systems on their roofs, contributing to their energy needs and potentially exporting thermal energy to 
the district heating network [8]. The choice of the case study is relevant since it presents itself as a 
perfect scenario for demonstrating how a dynamic evaluation approach on an hourly basis can both 
support the design phase of thermal network expansion and be used as an accurate method for 
evaluating realistic system performance.  Figure 1 illustrates the district expansion plan, showcasing 
the existing buildings (blue and pink) representing the 2022 scenario, and potential future expansions 
by 2030 (orange and green buildings - from Block 1 to 9) integrated into the district heating network 
(DHN) in the 2030 scenario. All buildings, both existing and new, are connected to the same DHN and 
utilize a double thermal storage system for heating and domestic hot water. Figure 1 also depicts the 
simplified layout of the district heating network, emphasizing the potential for thermal energy sharing 
among the buildings in the 2030 scenario [9]. 

 
Figure 1. District case study and system layout comparison (2022 scenario vs 2030 scenario). 
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Specifically, all buildings are equipped with a similar 
system to satisfy heating and DHW need (QH,nd and 
QDHW,nd respectively), composed of two separate storage 
tanks (Hst and DHWst) fed from the DHN through the 
QDH,H and QDH,DHW flows for heating and domestic hot 
water respectively. HVAC system layout is described in 
Figure 2. 

In addition, the new buildings are equipped with a solar 
thermal system, capable of producing thermal energy 
(QST,prod) for Hst and DHWst (by means of the QST,H and 
QST,DHW flows respectively), and exporting excess heat to 
DHN (QST,exp). The system control logic gives priority to 
the DHW requirement over H. As regards buildings with a 
solar thermal system, self-consumption always takes 
priority over export. The main geometric and physical 
characteristics of the buildings and their respective HVAC 
systems are based on previous studies on the case study 
[10]. For existing buildings, real properties have been 
investigated and implemented in the model, whereas for 
buildings under construction, choices have been made 
based on design data and thermals energy needs of 
buildings. DHWst can satisfy the daily usage of the 
occupants (50 lt/day), while Hst is able to meet the heating 
demand of an average winter day. Solar thermal systems 
have been designed to cover 70% of the roof surfaces in all 
new buildings. 

 
Figure 2. Storage tanks system layout 

integrated in the simulation environment. 

2.2.  Simulation environment 
The entire district was modeled using the dynamic city-scale simulation environment CitySim [11], 
[12]. Previous studies have focused on building modeling and their calibration with real data [10], 
while HVAC systems have been implemented for the purposes of this work. The result is a dynamic 
model capable of simulating the trend of hourly energy flows shown in Figure 2.  

2.3.  Dynamic assessment methodology: hourly-averaged power balance and the Zero Power concept 
This paper proposes a new methodology for a detailed energy assessment that is more consistent with 
reality. The case study district is assessed solving a power balance on an hourly basis, over the entire 
district boundary. This approach aims to evaluate the dynamic behavior of the district, understanding 
real opportunities for energy sharing. From this point of view, the averaged power balance aims to 
overcome the classic concept of yearly energy balance, often used as a performance assessment metric 
to evaluate whether a district can be considered a net Zero Energy District. The methodology applied 
in this work starts from the well-known concept of Zero Energy Building/District (ZEB/ZED) [13], 
based on the null result of the energy balance described by Equation (1).  

 𝐸𝐸𝑏𝑏𝑏𝑏𝑏𝑏 = 𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒 − 𝐸𝐸𝑖𝑖𝑖𝑖𝑖𝑖  [kWh] (1) 
Where 𝐸𝐸𝑏𝑏𝑏𝑏𝑏𝑏 represents the difference between exported (𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒) and imported (𝐸𝐸𝑖𝑖𝑖𝑖𝑖𝑖) energy from 

the entire district. A zero value of 𝐸𝐸𝑏𝑏𝑏𝑏𝑏𝑏 means achieving the net ZED target. The main weakness of 
this approach lies in the time interval over which the energy balance is solved, usually on an annual or 
monthly basis, which is not representative of the real behavior of the building and above all with the 
risk of generating misleading results [14]. This work proposes to go beyond the concept of an annual 
energy balance by proposing an hourly averaged power balance, where the ZED definition of Equation 
(1) is superseded by the Zero Power District (ZPD) definition, represented by Equation (2), in which 
the district's performance is evaluated with a reduced hourly timestep by solving the balance of the 
energy flows involved.  

 𝑃𝑃�𝑏𝑏𝑏𝑏𝑏𝑏,𝑡𝑡𝑟𝑟𝑟𝑟𝑟𝑟 = �
1
∆𝑡𝑡
� 𝑃𝑃𝑒𝑒𝑒𝑒𝑒𝑒(𝑡𝑡)𝑑𝑑𝑑𝑑
𝑖𝑖∆𝑡𝑡

(𝑖𝑖−1)∆𝑡𝑡

𝑡𝑡𝑟𝑟𝑟𝑟𝑟𝑟 ∆𝑡𝑡⁄

𝑖𝑖=1
−�

1
∆𝑡𝑡
� 𝑃𝑃𝑖𝑖𝑖𝑖𝑖𝑖(𝑡𝑡)𝑑𝑑𝑑𝑑
𝑖𝑖∆𝑡𝑡

(𝑖𝑖−1)∆𝑡𝑡

𝑡𝑡𝑟𝑟𝑟𝑟𝑟𝑟 ∆𝑡𝑡⁄

𝑖𝑖=1
  [kW] (2) 
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Where 𝑃𝑃�𝑏𝑏𝑏𝑏𝑏𝑏,𝑡𝑡𝑟𝑟𝑟𝑟𝑟𝑟 represents the difference between exported and imported energy flows, evaluated 
with an hourly detail (analysis timestep ∆𝑡𝑡=1hr) for each i-th interval composing the total reference 
time of the analysis 𝑡𝑡𝑟𝑟𝑟𝑟𝑟𝑟=1yr. In the selected case study, the concept of power balance was applied to 
the thermal flows involved in the energy import/export boundary between the district heating network 
and the buildings integrated in the network. To support the hourly averaged power balance, the 
dynamic evaluation of the district's energy performance can be complemented by the use of KPIs. 
Even for them, an evaluation based on aggregated yearly values often leads to misleading and 
unreliable results. Therefore, in this paper, a dynamic hourly KPIs evaluation methodology is 
proposed, describing the dynamic trend of an entire year by means of the KPI accuracy (𝑎𝑎𝐾𝐾𝐾𝐾𝐾𝐾) 
evaluation in Equation (3). 

 𝑎𝑎𝐾𝐾𝐾𝐾𝐾𝐾 =  
1
𝑁𝑁
�𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐[|𝐾𝐾𝐾𝐾𝐾𝐾𝑖𝑖 − 𝐾𝐾𝐾𝐾𝐾𝐾𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡| < 𝜀𝜀]
𝑁𝑁

𝑖𝑖=1

 [-] (3) 

Where 𝑁𝑁 is the total number of samples. In this work 𝑁𝑁 = ∆𝑡𝑡/𝑡𝑡𝑟𝑟𝑟𝑟𝑟𝑟, KPIi is the evaluated KPI at the 
i-th time interval, KPItarget is the KPI target value, set to 100%, and 𝜀𝜀 is the acceptable error set to 20%. 
For the purposes of this work, Self-Sufficiency (SS) of the district was evaluated as KPI, representing 
the ability of the network to be self-sufficient from external energy sources (represented by the DHN 
central plant). SS was evaluated using Equation (4), referred to energy flow presented in Figure 2. 

 𝑆𝑆𝑆𝑆 =
𝑄𝑄𝑆𝑆𝑆𝑆,𝐻𝐻 + 𝑄𝑄𝑆𝑆𝑆𝑆,𝐷𝐷𝐷𝐷𝐷𝐷

𝑄𝑄𝐻𝐻,𝑛𝑛𝑛𝑛 + 𝑄𝑄𝐷𝐷𝐷𝐷𝐷𝐷,𝑛𝑛𝑛𝑛
  [-] (4) 

3.  Results and discussion 

3.1.  Yearly energy balance vs Hourly averaged power balance 
The annual energy balance of the entire district is shown in Figure 3. In particular, the annual energy 
balances before and after the district upgrading are compared in Figure 3a and Figure 3b, respectively. 
The construction of the new buildings results in an increase of the district's heat demand for H and 
DHW from approximately 7 to 15.4 GWh (red bars). However, the installation of the solar thermal 
system gives the district 14.8 thermal GWh that are potentially exported to the thermal grid and made 
available to the existing buildings. Through this preliminary analysis it is possible to draw up a 
thermal balance of the district, which after the installation of the solar thermal system, is able to bring 
the district's thermal balance closer to zero, approaching the Zero Energy District target. This result, 
obtained by solving Equation (1), is represented by the grey bar in Figure 3, which describes the 𝐸𝐸𝑏𝑏𝑏𝑏𝑏𝑏 
quantity. 

   
Figure 3. Yearly energy balance: 2022 scenario (a) vs 2030 scenario (b). 

Shifting the focus to a reduced temporal analysis, the result of the application of the hourly 
averaged power balance, obtained by solving Equation (2), is presented in Figure 4. Equation (3) was 
solved during every hour of the year, for the 2030 scenario, the only one capable of generating a 
positive balance result due to renewable production. Figure 4 shows both the annual evolution (a) and 
the sorted representation of the results (b). The result obtained, when compared to the annual analysis, 
is discordant. In fact, the district only reaches the Zero Power District target for 2562 hours per year 
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(28.9% of the year), behaving as a thermal energy exporter (positive balance), mainly during the 
summer season. During the rest of the year, the heat demand is not covered by onsite production. This 
approach demonstrates how the classical annual analysis often tends to overestimate the district's 
energy performance without taking into account the dynamic behavior of the buildings involved. 

 
Figure 4. Hourly averaged power balance in 2030 scenario: yearly evolution (a) and sorted values (b). 

3.2.  Self-sufficiency accuracy (𝑎𝑎𝑆𝑆𝑆𝑆) for 2030 scenario 
The specific performance of the 2030 scenario was also assessed through Self-sufficiency. In 
particular, SS was assessed dynamically by solving Equation (4) at each hour of the year. Again, the 
results were limited to the 2030 scenario, the only one capable of generating non-zero results. Figure 
5a depicts the annual KPI trend, while Figure 5b orders the results in a decreasing manner. According 
to this methodological approach, it is straightforward to understand how the district's SS is clearly 
favored during the summer months, given the higher solar thermal production. In addition, the 
dynamic study of the KPI evolution makes it possible to understand when the district behaves as a 
self-consumer hour by hour, opening up numerous possibilities not only for evaluation but also for 
optimization. 

 
Figure 5. Hourly Self-Sufficiency in 2030 scenario: yearly evolution (a) and sorted values (b). 

From the dynamic analysis of self-consumption, it is possible to assess the SS accuracy (aSS) as a 
summary indicator of the district's annual performance. By applying Equation (3), after establishing an 
accuracy margin of 𝜀𝜀=20%, it is possible to compute the value of aSS, which for the selected case 
study is 23.39%. This result indicates that for 23.39% of the hours during the year, the district 
performs highly in terms of self-consumption (SS>80%). The choice of an accuracy margin 𝜀𝜀 of 20% 
was adopted for the sole purpose of this work. The variation of 𝜀𝜀 is closely related to the result of aSS. 
The relationship that exists between these two quantities will be explored further in subsequent studies 
of the proposed methodology, especially in terms of suggesting new benchmark indices for building 
assessment. The concept of SS accuracy clashes with the static SS result assessed on cumulative 
energy flows over the whole year, which stands at 21.67%. Although the two results are not 
comparable, aSS better describes the performance dynamics of the district, which is impossible to 
capture through the annual evaluation of a KPI. 

4.  Conclusion 
The work presented in this paper focused on the performance evaluation of a realistic district 
undergoing redevelopment. The evaluation of energy performance was performed through a new 
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methodological approach based on the definition of the hourly averaged power balance, which can 
dynamically describe the district's energy balance. In addition, the district's self-consumption was 
evaluated by defining its accuracy over the course of an entire year. The results obtained, compared 
with classical methods based on annual aggregate analyses, made it possible to describe the district's 
energy behavior without neglecting the dynamics of performance. For 28.9% of the hours, the district 
performs as Zero Energy District, while the accuracy of its self-consumption is around 23.39%. 

The potential of the applied method lies in its ability to consider the real dynamic evolution of the 
phenomena involved in building performance, especially when on-site renewable generation systems 
are involved. The proposed methodology aims to provide stakeholders with a tool for a more flexible 
design and management of energy resources within a district. The results of this work lay the 
foundation for possible optimization activities of energy systems, both in design and operation. The 
possible implications brought about by the application of the proposed method certainly lie in an 
increased effort in the design and evaluation phase. However, the proposed approach not only 
guarantees greater accuracy in the results, as demonstrated in this work, but also anticipates future 
regulatory developments, which will certainly tend towards a dynamic analysis of building 
performance. For instance, the dynamic evaluation method proposed in this work set up a novel 
framework for future energy certification methods for buildings, aiming to limit the gap between 
design and operation that often plagues current annual static performance indices. Furthermore, the 
evaluations achieved in this paper have highlighted the often-invisible gaps in the annual static 
analysis of the performance of a solar thermal system serving an entire district. Just as the proposed 
method is able to offer an accurate and realistic analysis of energy performance, it could likewise be 
used as an evaluation benchmark to propose new technologies to be integrated in the district, such as a 
seasonal thermal storage system. 
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