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Abstract

District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the 
greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat
sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, 
prolonging the investment return period. 
The main scope of this paper is to assess the feasibility of using the heat demand – outdoor temperature function for heat demand 
forecast. The district of Alvalade, located in Lisbon (Portugal), was used as a case study. The district is consisted of 665 
buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district 
renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were 
compared with results from a dynamic heat demand model, previously developed and validated by the authors.
The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
(the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation 
scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). 
The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the 
decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and 
renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the 
coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and 
improve the accuracy of heat demand estimations.
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Abstract 

Energy systems are increasingly becoming more and more complex due to dynamic interactions of various supply-demand 
related variables in the systems. These variable interactions and the underlying feedback loop structures contribute to the realized 
overall system behavior. As a result, managing the capacity of energy systems is a complex task. The purpose of this paper is to 
present typical system dynamics archetypes for capacity management of energy systems. First, two archetypes are identified and 
modelled based on causal loop analysis: (i) limit to growth, and (ii) growth and underinvestment. The archetypes help the analyst 
to effectively visualize the entire system and forecast the reaction of the system. Second, stock flow analysis models are then 
presented. Third and finally, “what-if” simulation experiments are conducted to illustrate the key effects of limited capacity 
growth as well as growth with and underinvestment in the presence of time delays. The study demonstrates the importance of 
taking a systems thinking approach when managing the capacity of complex energy systems. Feedback loops and time delays 
must be considered seriously. By so doing, unwanted and unpredictable system fluctuations can be avoided when making 
capacity adjustment decisions. 
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1. Introduction 

Managing the capacity of energy systems is a complex decision problem [1] [2]. This is exacerbated by the ever-
increasing size and complexity of modern energy systems. As a typical large-scale system, energy systems are 
characterized with several uncertainties that lead to unforeseen challenges when making decisions for capacity 
adjustments [2]. Various demand-supply related variables and their interactions have to be taken into account when 
making any capacity adjustments. However, in practice, the interaction of the system variables is non-linear. 
Furthermore, due to human interventions and reactions, time delays (or lags) are bound to occur, which may lead to 
unwanted system fluctuations. The overall behavior of every energy system is a result of its underlying causal 
linkages and feedback structures. As a result, energy systems are inherently characterized with the following 
dynamic complexities [1] [2] [3]: 

 Uncertainties, e.g., due to price fluctuations, human perceptions, and technological innovations; 
 Non-linear relationships and causal linkages between system variables; 
 Feedback loop structures; and, 
 Time lags or time delays, e.g., in form of material and information delays. 

Considering the above, it is important to consider the effects of the underlying causal relationships and feedback 
loop structures that contribute to the overall behavior of energy systems. This can provide a dynamic holistic 
systems view on the system.  Related studies have been conducted in the literature, focusing on manufacturing 
systems [4]. Leveraging on this understanding, the analyst can make informed decisions on capacity adjustments in 
energy supply capacity. However, identifying the system structures behind the system behavior may be a challenge. 
This research presents a system dynamics approach to capacity adjustment decisions for energy systems, based on 
system dynamics archetypes. In this regard, the following research objectives are undertaken: 

1. To identify appropriate system dynamics archetypes that can be used for capacity management decisions in 
energy systems; 

2. To develop stock flow models based on the causal loop structures of the identified system dynamics 
archetypes; and, 

3. To carry out “what-if” simulation experiments, so as to illustrate the effects of key system variables on the 
behavior of the system. 

The rest of the paper is structured as follows: The next section presents an overview of system dynamics 
methodology and the identified generic system archetypes. Section 3 presents the causal loop analysis of the first 
archetype with limit to growth, together with its corresponding stock flow analysis. Section 4 presents the second 
archetype with growth and underinvestment, followed by its stock flow analysis. “What-if” analysis experiments are 
presented in Section 5. Finally, conclusions and further research are presented in Section 6. 

2. System dynamics archetypes 

First originated Forrester in the late 1950s [5], system dynamics (SD) is a simulation methodology which 
captures complex information feedbacks and delays of analysis of complex problems, with a primary focus on 
policy formulation and analysis. The approach uses causal loop and stock flow diagrams, where the causal loop 
diagram represents the causal hypotheses of a system in an aggregate form, and the stock flow diagram depicts the 
flow structure of the system. On the other hand, stock variables define the system state at any point in time, while 
flow variables describe the rates of change of the stocks. The SD approach has been used to address several real-
world problems, including policy formulation, corporate planning, supply chain analysis, economic behavior, 
healthcare management, and new product development [3] [5] [6] [7] [8]. In this view, SD is a viable tool for 
modeling capacity management problems in energy systems. 

System dynamics archetypes are generic structures of systems that describe the dynamic system using causality 
cycles, positive (or reinforcing) and negative (or balancing) feedback loops [9]. System dynamics archetypes are a 
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