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Abstract

:

Considering the European Union (EU) climate targets, the heating sector should be decarbonized by 80% to 95% up to 2050. Thus, the macro-trends forecast increasing energy efficiency and focus on the use of renewable gas or the electrification of heat generation. This has implications for the business models of urban electricity and in particular natural gas distribution network operators (DNOs): When the energy demand decreases, a disproportionately long grid is operated, which can cause a rise of grid charges and thus the gas price. This creates a situation in which a self-reinforcing feedback loop starts, which increases the risk of gas grid defection. We present a mixed integer linear optimization model to analyze the interdependencies between the electricity and gas DNOs’ and the building owners’ investment decisions during the transformation path. The results of the investigation in a real grid area are used to validate the simulation setup of a sensitivity analysis of 27 types of building collectives and five grid topologies, which provides a systematic insight into the interrelated system. Therefore, it is possible to identify building and grid configurations that increase the risk of a complete gas grid shutdown and those that should be operated as a flexibility option in a future renewable energy system.
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1. Introduction


The heat sector accounts for about 48% of the global final energy, 27% of which comes from renewable sources [1]. Among the remaining 73% of fossil fuels, natural gas plays an important role. In the European Union (EU), heating and cooling applications account for about 50% of final energy demand, of which 42% are gas-fired and 12% are electricity-based systems [2]. Based on current EU targets, the heat sector should be decarbonized by 80–95% by 2050 compared to 1990 [1,2].



According to current studies, two macro-trends can be identified: On the one side, primarily gas-based systems fired with CO2 neutral gases and carbon capture technologies are used to mitigate emissions, as suggested by Irish, British [3,4,5], Chinese [6,7], and US [8,9,10,11] studies. On the other side, a strong electrification of the heat generation is predicted. In this scenario, gas-fired systems are mostly substituted by electrical heat pumps. According to German studies, this could reduce the gas demand by 25–100% in 2050 [12,13,14,15].



In both scenarios, the studies assume that the transformation path is strongly steered by national CO2-related political and regulatory instruments. On the one hand, this triggers a technological change in heat generation, as fossil-fired heating systems such as gas burners are substituted by more efficient systems such as electric heat pumps. On the other hand, an increase in energy efficiency is triggered, which further enhances the attractiveness of heat pumps. Both aspects lead to a decline in gas demand [14]. As heat applications account for 61% of the gas demand on average for all 28 EU countries [2], energy efficiency improvements or a substitution of gas-based systems have a strong effect on the gas network operator’s supply task and thus on its future business model. An economic risk will arise for the gas distribution network operators (DNOs) in the future: If energy efficiency rises and the number of gas customers drops, a disproportionately long gas network has to be operated for a decreasing amount of energy, which—depending on the DNO strategy and regulatory environment—leads to a decrease in the profitability of the grid and finally to an increase in grid charges [16,17] (Figure 1).



Furthermore, this could pose a risk to the continued existence of the entire natural gas infrastructure: By looking at heating retrofit measures in building stock at present, electric heat pumps are economically less attractive than fossil-fired systems due to their high power-specific investment expenditures [19] and requirements regarding heating circuit temperatures [20]. Often, they are installed because of legal requirements and subsidies, or in energy-efficient new or retrofitted buildings [21]. A rise in grid charges leads to an increase in operating expenses for gas-fired heating systems, which makes a replacement of the heating or building surface insulation measures economically more attractive to the building owner. Due to the high sensitivity of the operational expenses of gas heating systems to energy price fluctuations, it is possible that with a rising gas price, price parity of operational (OPEX) and investment expenditures (CAPEX) between gas burners and electric heat pumps will be achieved in the future. The point where a self-reinforcing feedback loop starts could trigger the defection of the gas grid [22]. This represents an endogenous feedback effect within the interrelated system of the gas and electricity DNO and building owners that mostly has been neglected in energy system analysis so far.



The proposed feedback effect is especially pronounced when looking at urban residential areas: As the profitability of gas grids rises with the load density [17], they are predominantly operated in densely populated rural or urban areas with a high connection rate of the buildings to the gas grid. Where heating networks can be constructed and operated economically in commercial and mixed areas with high energy consumption, their new construction is often uneconomic in residential building stock with an existing gas grid. In this case, gas burners are frequently replaced by electric heat pumps [12,14,23].



Most energy system, building retrofit, or grid planning studies neglect the proposed business dynamics: On the one side, investigations concerning the future transformation paths of the building stock, which are usually based on models for the optimization of energy-efficient building design, are in use. The optimization goals are the minimization of the energy consumption, CO2 emissions, or cost and comfort issues in single buildings or the building stock [24], where they analyze how the technological development is steered by technological and market trends or regulatory and political instruments such as CO2 pricing, energy efficiency requirements, or technology promotion [5,9,13,25]. Electricity and natural gas grid charges are predetermined exogenous variables, while interactions between individual actors and the circumstances at the local grid level are neglected.



On the other side, most natural gas and electricity grid planning approaches, especially at the distribution grid level, focus on restructuring, grid reinforcement, or the integration of renewable feed-ins [26,27,28,29]. The supply task—the position and behavior of a load or generator—is a predefined exogenous input variable [30].



There are studies that investigate the interactions between investment decisions in buildings and investment decisions of the grid operator in the electricity sector mostly with the focus on self-supply [31,32,33,34]. Work exists that has transferred these approaches to the gas sector: Some focus on the development of the gas DNO’s business model and the corresponding grid charge development [16,17]. Others examine the feedback effect between actors in a specific network area and analyze the impact of variations in the regulatory and political framework and DNO strategies [22].



There is a lack of work evaluating the influence of building and grid-specific parameters on the investment decisions of the individual actors, the interaction between them, and the consequences for the transformation path. In our analysis, we focus on the evaluation of the influence of building- and network-specific parameters on the feedback effect between the gas and electricity DNO grid charge setting and building retrofit decisions in densely populated rural or urban residential areas. Thereby, we address three questions that are relevant for DNOs, policy makers, and energy economists:




	
What are the building-, heating-, and grid-specific factors that influence significant changes in the energy supply infrastructure, such as gas grid defection?



	
How are these building-, heating-, and grid-specific influencing factors pronounced in real urban grid areas?



	
How are the endogenous variables (gas demand, gas grid charges) shaped within the transformation path and influenced by different configurations of the exogenous variables (building type and age, heating system configuration, grid topology)?



	
Which configuration of exogenous factors (building type and age, heating system configuration, grid topology) results in an equilibrium between the construction and replacement of gas-based heating systems, fosters gas-based systems, or leads to the collapse of the gas grid infrastructure?








To answer the questions, we present a mixed integer linear program (MILP) (Section 2.1 and Section 2.4). We model the building stock, consisting of the individual single buildings that want to minimize their total costs for heating by renovation (Section 2.2). We model an electricity DNO and a gas DNO (Section 2.3), which define their investment strategy based on the building owners’ investment decisions in order to keep the reliability at the initial level. We determine the key influencing factors on the basis of a meta-analysis (Section 3.1) and examine their characteristics in the area of the southern German city of Bamberg (Section 3.2). To analyze the interdependencies and influencing factors during the transformation, a case study on a selected real grid area is performed (Section 3.3). This grid area has already been analyzed on the basis of a multi-agent analysis in which the authors use the same building retrofit model [22]. This detailed analysis of the real grid area allows us to validate our simplified grid and DNO model. We use this validated model to perform a sensitivity analysis of 27 types of building collectives and five gas grid topologies (Section 3.4). The results of the structural grid analysis of Section 3.3 are used to define the simulation setup. In the final step, we discuss the conclusions (Section 4).




2. Materials and Methods


2.1. Research Approach


We are focusing on the investigation of the feedback effects of the grid charge increase on the building retrofit decisions. For that reason, we introduce a linearized mixed integer nonlinear program (MINLP): The optimization problem is to minimize the total cost of heating in all buildings in an area by retrofitting the heating system and the building surface. This optimization problem is constrained by the electricity and gas DNO’s strategic decisions. The respective DNO renews and maintains the grid in order to maintain supply reliability. In this way, it adjusts the grid charges depending on the supplied energy, network length, and grid investments to keep the grid age at the initial level to guarantee a stable supply. The other way around, the retrofit decisions fix the demand of electricity and gas as well as the corresponding grid length (Figure 2).



The interrelated system of building owners and distribution network operators represents a conflicting situation, due to the opposing objectives of the actors. In a collapsing monopoly, as it is proposed for the gas grid, it corresponds to a hierarchically structured bi-level problem. The building owners’ decisions in the upper level are constrained by the DNO optimization problems in the lower level. Both problems are connected through an equilibrium in volume and price, which is related to Stackelberg games in microeconomics [35]: The sum of the buildings represents the leader, which anticipates the energy price for one year, optimizes its strategy accordingly, and fixes the amount of supplied energy. The DNO represents the follower, which adjusts the grid charges for the transportation service in order to clear the market for the transported energy. If the lower level problem is linear, it can be integrated in the upper level by replacing it with its primal and dual constraints as well as the strong duality theorem, by modeling a mathematical program with primal and dual constraints (MPPDC) [31,34,36].



In our case, the supply task, i.e., the required grid length and the energy supplied, is determined by the decisions of the building owners. For the chosen strategy, the DNO can achieve its target—to keep the length weighted grid age at the initial level—for all time steps independent of the building owner’s decision (as long as the grid exists). Due to this non-conflicting situation, the bi-level is reduced to a single-level approach [36]: The length weighted grid age is set to the initial level for the planning horizon and the DNO problem is replaced by its central equality constraint—cost equals revenue—in order to integrate it into the building optimization problem.




2.2. Building Energy Retrofit Model


2.2.1. Optimization Problem


The building owners want to minimize their total costs for heating. To reach this goal, they perform one building and heating system retrofit during the planning horizon from 2020 to 2050. The date of investment of each building is a predefined exogenous variable. On this date, the building owner must renew or change the heating system and has the opportunity to reinforce the building insulation, install a solar thermal system (STE), and lower the heating circuit temperature.



All cost components and technical parameters of the building equipment options required for a respective heating system, such as a chimney, a fuel store, or a hot water tank, are calculated individually for each building or heating in a preprocessing procedure. We consider the whole building stock of a grid area by minimizing the sum of the total costs of the individual buildings. The optimization model for a single building and the corresponding parameters used were introduced in [22]. A simplified version of the model is shown in this paper to explain the basic relationships; for the detailed sub models that are listed in Appendix B, see [22]. For a list of the acronyms used, see Table A1 and Table A2 in Appendix A.




2.2.2. Objective Function


The objective is to minimize of the sum of the total costs of all buildings 𝒥 that perform a retrofit in the year 𝓉 of the planning horizon    T  P l a n n i n g     (Equation (1)).


  min  c B  =   ∑   𝒿 ∈ J    c 𝒿 B   



(1)







Within the retrofit decision of a single building 𝒿, we consider the capital expenditure (CAPEX) for a change of the heating system    c 𝒿  BES    , the improvement of the building surface    c 𝒿  BE    , the operational expenditure (OPEX) for maintenance    c 𝒿 M   , and energy procurement    c 𝒿  EN     (Equation (2)). The OPEX is calculated for the technical lifetime of the heating system of 33.5 years, which is based on annual time steps. The calculation interest rate for the building owners is set to 0% for    c 𝒿 M   , respectively 4% for    c 𝒿  EN    .


  ∀ 𝒿 ∈ J :    c 𝒿 B  =  c 𝒿  BE   +  c 𝒿  BES   +  c 𝒿  EN   +  c 𝒿 M   



(2)








	
   c 𝒿  BE    : The investment expenditure for the building envelope retrofit    c 𝒿  BE     (Equation (3)) is a function of the insulation thickness    D 𝒹 D    and the building surface area    A 𝒿 E   , which is calculated based on the different surface parts 𝓅 [22]. The building surface is modeled in a single zone. The design-relevant heat load    S  𝒹 , 𝒿   BE     is calculated based on DIN EN 12,831 (German and European harmonized standard) [37]. The optimizer can choose an additional insulation between 0 and 30 cm. The cost parameters    C 𝒿  BEfix     and    C 𝒿  BEvar     are calculated individually for every building based on the area ratios of the individual surface parts    A  𝒿 , 𝓅   EP     and the corresponding costs [38]: roof, facade, windows, floor, and door.


    c 𝒿  BE   =     ∑   𝒹 ∈ D    A 𝒿 E  ⋅      C 𝒿  BEvar   ⋅  D 𝒹 D    +  C 𝒿  BEfix     ⋅  b  𝒹 , 𝒿   B E   ;    w i t h      A   𝒿 E  =   ∑   𝓅 ∈  P 𝒿     A  𝒿 , 𝓅   EP   ;  C 𝒿  BEfix   =   ∑   𝓅 ∈ P      C  𝒿 , 𝓅   BEfix   ⋅    A  𝒿 , 𝓅   EP      A 𝒿 E      ;    C 𝒿  BEvar   =   ∑   𝓅 ∈ P      C  𝒿 , 𝓅   BEvar   ⋅    A  𝒿 , 𝓅   EP      A 𝒿 E        



(3)







	
   c 𝒿  BES    : The investment expenditure for the building energy system    c 𝒿  BES     (Equation (4)) is a function of the building heat load    S  𝒹 , 𝒿   BE     and the size of the solar thermal plant    S  𝓈 , 𝒿   STE     [22].    S  𝒹 , 𝒿   BE     represents the design-relevant heat load [37], including transmission and ventilation losses. The available heating systems are an air water heat pump (AWHP), a gas condensing boiler (GCB), an oil condensing boiler (OCB), a pellet burner (PB), and an electrical direct heating (EDH).    C 𝓀  BESvar     and    C  𝓀 ,   𝒿   BESfix     are the corresponding specific cost parameters. Additionally, the optimizer is able to install a solar thermal system (STE) and lower the heating circuit temperature to increase the efficiency.    C  𝓈     STEvar     and    C  𝓈 , 𝒿     STEfix     are the corresponding specific cost parameters (STE).


    c 𝒿  BES   =     ∑   𝓀 ∈ K         ∑   𝒹 ∈ D      S  𝒹 , 𝒿   BE   ⋅  b  𝒹 , 𝒿   B E     ⋅  C 𝓀  BESvar     +  C  𝓀 ,   𝒿   BESfix     ⋅  b  𝓀 ,   𝒿   B E S      +   ∑   𝓈 ∈ S        S  𝓈 , 𝒿   STE   ⋅  C  𝓈     STEvar     +  C  𝓈 , 𝒿     STEfix     ⋅  b  𝓈 , 𝒿   S T E     



(4)







	
   c 𝒿  EN    : The expenditure for energy procurement    c 𝒿  EN     (Equation (5)) is a function of the building heat load    S  𝒹 , 𝒿   BE    , the domestic hot water demand    S 𝒿  DHW   ,   the size of the solar thermal plant    S  𝓈 , 𝒿   STE    , and the additional wins and losses    S 𝒿 S   , as well as the plant expenditure figure    E 𝓀  BES    , the yearly usage hours    T 𝒿 N   , the costs for energy procurement in the year of investment    C  𝒸 , 𝓉 =  𝓉  I n v e s t     EC    , and the present value factor for energy procurement     PF   EN     [22]. The additional heat losses and wins    S 𝒿 S    include heat distribution losses, auxiliary energy, radiation losses, and internal wins [39,40]. They are not affected by the retrofit. The specific cost parameter    C  𝒸 , 𝓉 =  𝓉  I n v e s t     EC     is calculated based on the energy procurement price    C  𝒸 , 𝓉   Proc    , tax    C  𝒸 , 𝓉   Tax    , and grid charges    c  𝒸 , 𝓉 =  𝓉  I n v e s t     GC    .


    c 𝒿  EN   =     ∑   𝓀 ∈ K           ∑   𝒹 ∈ D      S  𝒹 , 𝒿   BE   ⋅  b  𝒹 , 𝒿   B E     +      S   𝒿 S    ⋅  b  k ,   𝒿   B E S   +   ∑   𝓈 ∈ S      S 𝒿  DHW   −    S  𝓈 , 𝒿     STE   ⋅  b  𝓈 , 𝒿   S T E       ⋅  b  𝓀 , 𝒿   B E S     ⋅  T 𝒿 N  ⋅  E 𝓀  BES   ⋅   ∑   𝒸 ∈ C      B  𝒸 , 𝓀   EC   ⋅  C  𝒸 , 𝓉 =  𝓉  I n v e s t     EC   ⋅   PF   EN          w i t h    C  𝒸 , 𝓉 =  𝓉  I n v e s t     EC   =        C  𝒸 , 𝓉 =  𝓉  I n v e s t     Proc   +    C  𝒸 , 𝓉 =  𝓉  I n v e s t     Tax     +  c  𝒸 , 𝓉 =  𝓉  I n v e s t     G C   ,     | f o r   c = electricity ∨ c = gas        C  𝒸 , 𝓉 =  𝓉  I n v e s t     Proc   +    C  𝒸 , 𝓉 =  𝓉  I n v e s t     Tax                           ,     | f o r   c = pellet ∨ c = oil         



(5)







	
   c 𝒿 M   : The operation expenditure for the maintenance of the building energy system    c 𝒿 M    (Equation (6)) is determined based on a fixed yearly rate    M 𝓀  BES     dependent on the heating system and solar thermal plant type and size (   S  𝒹 , 𝒿   BE     and    S  𝓈 , 𝒿   STE    ), as well as the present value factor for maintenance     PF  M    [22].


   c 𝒿 M    =   ∑   𝓀 ∈ K         ∑   𝒹 ∈ D      S  𝒹 , 𝒿   BE   ⋅  b  𝒹 , 𝒿   B E     ⋅  C 𝓀  BESvar     +  C  𝓀 , 𝒿   BESMfix     ⋅  b  𝓀 , 𝒿   B E S   ⋅  M 𝓀  BES   ⋅   PF  M  +   ∑   𝓈 ∈ S        S  𝓈 , 𝒿   STE   ⋅  C  𝓈     STEvar     +  C  𝓈 , 𝒿     STEfix     ⋅  M 𝓈  STE   ⋅  b  𝓈 , 𝒿   S T E   ⋅   PF  M   



(6)













2.2.3. Constraints and Parameter Setting


We constrain the number of measures for one building considering the heating, the solar thermal plant, and the building surface. The optimizer:




	
Can choose a building surface insulation measure,



	
Has to replace the heating system, and



	
Can choose a solar thermal plant.








Additionally, we set the parameters and add constraints, corresponding to the situation in Germany [22]:




	
Regulatory energy efficiency constraint: We limit the yearly CO2 emissions and the final energy demand to an upper bound of the initial demand    Q 𝒿   H  init      . Additionally, we constrain the yearly primary energy demand to    Q 𝒿   P  EnEV      , which is a demand that is calculated based on the energy-efficiency targets of the energy-saving ordinance of Germany [41].



	
Retrofit rate of building envelope and heating system: The literature covers renovation rates of about 3.3% for heating systems and about 2–3% for building envelope retrofits. This corresponds to a technical lifetime of the heating system of about 30 years and of the surface of about 40–50 years [42]. We set the date of investment of each building in order to reach this heating retrofit rate (approximately 3%). Additionally, we oblige 66% of buildings to retrofit their envelope and heating system; this corresponds to an envelope retrofit ratio of approximately 2%.



	
Taxation and levy systems: We calculate the levies and taxes with regard to the current energy prices in Germany and grid charges in the city area of Bamberg. In addition, we use a CO2 price, which will increase from 25 €/t in 2019 to 65 €/t in 2026 [43].



	
Grid charge models: We reduce the electricity grid charges for heat pumps and electrical heatings down to 25% of their regular value, due to the German law [44].



	
State market incentive and subsidy programs: We reduce the specific expenditure for building envelope retrofits about 30%, considering a state subsidy program in Germany [45]. For heat pumps, there is a market incentive program [46], so we add a subsidy rate of 40%.










2.3. Distribution Network Operator Model


2.3.1. Supply Task: Relationship between Energy Supplied, Customer Number, and Grid Length


The DNO’s revenues depends not only on the cost allocation between CAPEX and OPEX but also on the energy supplied as well as the grid length and age [17,22]. Where the energy demand is directly dependent on user behavior and the building owners’ investment decisions, the length depends indirectly on these decisions: The location and size of grid users—the so-called supply task—determines the grid length [16]. In this way, from the DNO’s point of view, the grid length, energy supplied, and customer number are exogenous variables that are determined by the building owners’ decisions. We use an abstract model based on a power function to estimate the dependency between grid length    l  𝒸 ,   𝓉     Grid     and customer number    n 𝓉  Cust     in the grid and model all assets of the grid in a joint way. This approach is based on graph-theoretical considerations [47] and [16] (Equation (7)).


  ∀ 𝓉 ∈ T , 𝒸 :      l    𝒸 ,   𝓉     Grid   =      l    𝒸     Gridmax   *        n  𝒸 , 𝓉   Cust      n 𝒸  Gridmax        k   



(7)







We use Equation (7) to determine the relationship between the customer number in the grid    n  𝒸 , 𝓉   Cust     and the grid length    l  𝒸 , 𝓉   Grid     for an energy carrier 𝒸 (electricity or gas) and a time step 𝓉. In this context,    n 𝒸  Gridmax     represents the customer number when every building is connected to the grid and    l  𝒸     Gridmax     is the corresponding grid length. The exponent k is a measure of the disorder of the network [47,48,49,50]. It describes the non-linearity between grid length and customer number. Other work [16] has determined typical values for k in 57 real grids in the range of 0.4 to 0.5 for randomized exits with a high fit quality (R2 > 0.9). This is consistent with the predictions of network theory, where the values range from 1.0 for ordered networks to 0.33 for maximal disordered networks [47]. In the optimization model, we linearize the power function via a linear piecewise formulation [51]. Four grid points are set, whereby their positions are estimated with a least-square-fit [52].



The energy supplied in electricity distribution grids    e  𝒸 ,   𝓉   Grid     is not only determined by heating applications    e  𝒸 , 𝓉   Heating    . There are also other demands    E  𝒸 , 𝓉   AnyOther     (exogenous parameter), which are not affected by building retrofits (Equation (8)). This means that over the entire planning horizon, all buildings are connected to the electricity grid—independent their retrofit decision. As a result, the grid length remains at the initial value. In the residential areas under investigation, the entire gas demand is responsible for heating applications, so the number of customers varies with the building investment decision.


  ∀ 𝓉 ∈ T , 𝒸 :    e  𝒸 , 𝓉   Grid   =      e    𝒸 , 𝓉   Heating   +      E    𝒸 , 𝓉   AnyOther    



(8)








2.3.2. Distribution Network Operator’s Investment Decisions


In the EU, gas and electricity supply are vertically unbundled. The grid infrastructure itself is subject to a natural monopoly; therefore, it is regulated to ensure stable supply quality and efficiency [17,22]. As the regulatory regime differs from country to country [53], we use a basic approach corresponding to the revenue-cap regulation currently applied in most European countries, especially in Germany [53]. Thereby, the grid charges are determined on the basis of the marginal costs for grid operation plus a return on equity determined by the regulator [16,54]: The annual 𝓉 operational    α  𝒸 , 𝓉   OPEX     (OPEX) and capital expenditures    α  𝒸 , 𝓉   CAPEX     (CAPEX) are added up for each energy carrier 𝒸 and passed on to grid customers in form of energy-based grid charges    c  𝒸 , 𝓉   GC    , depending on the energy supplied for heating    e  𝒸 , 𝓉   Heating     and other demands    E  𝒸 , 𝓉   AnyOther    ; see Equation (9). For a list of the acronyms used, see Table A3 in Appendix A.


  ∀   𝓉 ∈ T , 𝒸 :      α    𝒸 , 𝓉   CAPEX   +  α  𝒸 , 𝓉   OPEX   −      c    𝒸 , 𝓉   GC   ⋅    e  𝒸 , 𝓉   Heating   +    E    𝒸 , 𝓉   AnyOther     = 0  



(9)







We model all components of CAPEX and OPEX corresponding to [16,17,22]: The CAPEX is divided into interest on equity    α  𝒸 , 𝓉   EC     and borrowed capital    α  𝒸 , 𝓉   BC    , trade tax    α  𝒸 , 𝓉   Tax    , and the depreciations    α  𝒸 , 𝓉   Depr    . They are modeled dependent on the grid length    l  𝒸 , 𝓉   Grid    , age, and the corresponding technical lifetime (based on the normalized mean rest book value of all assets     mrbvf   𝒸 , 𝓉    ). The OPEX is divided into other operational costs    α  𝒸 , 𝓉   OC    , which are modeled dependent on the grid length as well as loss costs    α  𝒸 , 𝓉   LC    , upstream grid charges    α  𝒸 , 𝓉   UpGC    , and concession fees    α  𝒸 , 𝓉   Conc    , which are modeled dependent on the energy supplied    e  𝒸 , 𝓉   Grid     (Table 1).



The literature provides several models for the analysis of the DNO’s cash flow; some of them consider each grid asset [22], others analyze the asset base in a cumulated model [16,17,34]. We use a simplified model according to [16], where we compare the results for a real grid with [22] to validate the results. In this way, we do not model the individual grid assets. The grid is represented by its length    l  𝒸 , 𝓉   Grid     and the corresponding age    A  𝒸 , ℓ   Grid     rather than the cumulated rest book value     RBV   𝒸 , 𝓉   Grid     of all fixed assets, which is represented by the mean rest book value factor.     RBV   𝒸 , 𝓉   Grid     is calculated based on the length-specific historical investment expenditures    C 𝒸  Grid    , the grid length    l  𝒸 , 𝓉   Grid     and the average residual book value factor     mrbvf   𝒸 , 𝓉     according to Equation (10).


  ∀   𝓉 ∈ T , 𝒸 :      RBV    𝒸 , 𝓉   Grid   =      C   𝒸  Grid     ·    l  𝒸 , 𝓉   Grid     ·     mrbvf   𝒸 , 𝓉    



(10)







The initial average rest book value factor is calculated depending on the technical life    T ℓ     TL      and the length-weighted average grid age that is dependent on the length    L  𝒸 , ℓ  l    and age    T ℓ     Init      of each line (Equation (11)).


  ∀   𝒸   ϵ   C :      mrbvf    𝒸 , 𝓉 = 0   = 1 −       ∑   ℓ ∈ L    L  𝒸 , ℓ  l  ·  T ℓ     Init       L  𝒸 , 𝓉        T ℓ     TL       



(11)







Equation (12) shows exemplarily how the interest on equity     α   𝒸 , 𝓉   EC     is calculated for the whole grid based on the equity interest rate    R 𝒸  BC     and the equity ratio    Q 𝒸  BC    :


  ∀   𝓉 ∈ T , 𝒸 :      α    𝒸 , 𝓉   EC   =      R   𝒸  BC     ·      Q   𝒸  BC     ·    C 𝒸  Grid     ·      l    𝒸 , 𝓉     Grid     ·      mrbvf    𝒸 , 𝓉   .  



(12)







Depending on the scenario—for a rising or falling demand—and the respective design of the regulatory regime—from cost-based to price-based to revenue-based approaches—different objectives for the DNO are desirable [22,55]. The goal of a DNO with a tendency of a decreasing demand is to maintain its business model as long as possible. In this way, it tries to maintain the set target value at a constant initial level during the planning horizon [17,54]: While fixing the revenue cap to the initial level (corresponding to cost-based or revenue-based approaches) leads to an increase in the quality of supply and a decline in supply efficiency, the opposite effect occurs when fixing the grid charges (corresponding to price-based approaches). For increasing demand, both effects are reversed. We use an approach where the DNO keeps its grid age, which is represented by the mean rest book value factor     mrbvf   𝒸 , 𝓉    , on the starting level to ensure a constant quality of supply, independent of the demand scenario [55] (Equation (13)).


  ∀   𝓉 ∈ T , 𝒸 :      mrbvf    𝒸 , 𝓉   =     mrbvf   𝒸 , 𝓉 = 0    



(13)








2.3.3. Integration of the DNO into the Building Model


Both the electricity and gas DNO set their investment ratios in order to keep the average asset age of the grid at the initial level. For this purpose, the variable     mrbvf   𝒸 , 𝓉     is set to the initial level for each year in the planning horizon. As a consequence, the original optimization problem can be replaced by a central equality constraint—according to the basic relationship of Equation (9)—and integrated into the building model; see Equation (14). The components of the revenue cap are split into CAPEX and OPEX.


    ∀   𝓉 ∈ T , 𝒸 :      R 𝒸  BC   ·  Q 𝒸  BC     +      R 𝒸  Tax   + 1   ·  R 𝒸  EC   ·  Q 𝒸  EC     +  1   T 𝒸  TL       ·  C 𝒸 I  ·  l  𝒸 ,   𝓉     Grid   ·   mrbvf   𝒸 , 𝓉 = 0         +  l  𝒸 , 𝓉   Grid   ·  C 𝒸  LRC       +    C 𝒸  UpGC   +  C 𝒸  Conc   +  C 𝒸  LC   ·  F 𝒸  Loss     ·    e  𝒸 , 𝓉   Heating   +      E    𝒸 , 𝓉   AnyOther         −    c  𝒸 , 𝓉   GC   ⋅    e  𝒸 , 𝓉   Heating   +      E    𝒸 , 𝓉   AnyOther     = 0    



(14)







Corresponding to [16,17], the components of the CAPEX depend on the grid length    l  𝒸 , 𝓉   Grid     in year 𝓉, the historical acquisition costs    C 𝒸 I   , and the mean rest book value factor     mrbvf   𝒸 , 𝓉    , which is set to its initial value 𝓉 = 0: The return on equity    α  𝒸 , 𝓉   EC     is a function of the equity ratio    Q 𝒸  EC     and interest rate    R 𝒸  EC    . The interests on borrowed capital    α  𝒸 , 𝓉   BC     are dependent of the debt ratio    Q 𝒸  BC     and interest rate    R 𝒸  BC    . The trade tax    α  𝒸 , 𝓉   Tax     is a part of the return on equity, which is calculated based on    R  Tax    . The depreciations    α  𝒸 , 𝓉   Depr     are dependent of the reciprocal technical lifetime of the grid assets    T 𝒸  TL   .   The OPEX consists of the other operational costs    α  𝒸 , 𝓉   OC    , which are dependent on the grid length as well as the upstream grid charges    α  𝒸 , 𝓉   UpGC    , the loss costs    α  𝒸 , 𝓉   LC    , and the concession fees    α  𝒸 , 𝓉   Conc    , depending on the respective specific costs    C 𝒸  UpGC    ,    C 𝒸  LC    ,    C 𝒸  Conc    , and losses    F 𝒸  Loss    , as well as the energy supplied. Additional constraints are necessary for linearization and the mapping of the problem to the situation in Germany:




	
Upper and lower limits for the grid charges: The grid charges are limited downwards (0 €) as well as upwards (100 €).



	
Constraints due to the linearization of products of continues variables   (   c  𝒸 , 𝓉   GC   ⋅      e    𝒸 , 𝓉   Heating    )  : To linearize these products of two continuous variables, we discretize the energy [31] and substitute the resulting product of a binary and continuous variable via an additional variable and four constraints considering [51].










2.4. Procedure for the Analysis of Transformation Paths


Due to the reduction of complexity, we carry out the optimization for single years. To simulate a planning horizon of several years, the results from year 𝓉 are set as input values for year 𝓉+1 (Figure 3). By stringing together several simulations, we analyze the transformation path for a given planning horizon. A single building 𝒿 takes an investment in the year   𝓉 =  𝓉  I n v e s t     when its heating system has reached its technical lifetime.




2.5. Conception of the Sensitivity Analysis


In the sensitivity analysis, we analyze the influence of interdependencies between building and DNO decisions on natural gas and electricity consumption in a transformation path from 2020 to 2050 for different types of building collectives and a regulatory scenario corresponding to the situation in Germany [22]. In each case, we assess the effect of a change in the grid topology, which is expressed by the exponent k (Equation (7)) on the development path. According to the ceteris paribus condition, within a scenario (represented by different types of building collectives), the effect of the change of an independent input variable (the exponent k) on the target variable (the standardized natural gas or electricity demand in 2050) is evaluated. Within a scenario, all parameters except for the input variable are constant over the entire analysis [56]. For a detailed description of the assumptions and simplifications in the validation (Section 3.3) and sensitivity analysis part (Section 3.4), see Appendix C, Table A4. In each scenario, we analyze a type of building collective consisting of 31 buildings of the same building type (classes: terraced house (TH), single family house (SFH), apartment building (MFH)) and age class (classes: B: 1860–1918, G: 1979–1983, K: 2010–2015) and connection ratios to the natural gas grid (classes: 100%, 75%, 50%), according to the German residential building typology [57]. Age class B represents buildings constructed before the foundation of the Federal Republic of Germany in 1948. Age class G represents buildings constructed according to Thermal Insulation Ordinances 1 and 2 (1979–1994), and age class K represents buildings constructed according to the revised Energy Saving Ordinance (2010-). The initial heating system types (AWHP: air–water heat pump, GCB: gas condensing boiler, OCB: oil condensing boiler, PB: pellet burner, EDH: electrical direct heating) are assigned to the buildings depending on their age class. Thereby, we distinguish three heating system configurations corresponding to different connection rates of the buildings to the gas grid (classes: 100%, 75%, 50%). The technical building equipment options (heating circuit characteristics, chimney, gas connection, etc.) are set corresponding to the type of heating system and the age class of the buildings; see Table A4. The combination of the three building types, age classes, and connection rates to the gas grid results in 27 types of building collectives, each of which is considered as a scenario in the sensitivity analysis (Table 2).



The number of years in the planning horizon corresponds to the number of buildings in the types of building collective (n = 31). Building renovations are equally distributed over the planning horizon, so one building is renovated every year. (Buildings with different initially installed heating systems are equally distributed over the planning horizon (see Appendix C, Table A4)).




2.6. Grid and Building Data and Software Tools


To verify our assumptions and to estimate the ranges for the parameters of the sensitivity analysis, we analyze 58 real low-pressure natural gas grids and 323 low-voltage electricity grids as well as open source building data [58,59] of the southern German city of Bamberg, respectively the responsible gas and electricity DNO (Figure 4). The medium-voltage grid has a length of 277.8 km, and the low-voltage grid has a length of 932.7 km. The high-pressure network has a length of 0.7 km, the medium-pressure network has a length of 152.9 km, and the low-pressure network has a length of 217.7 km. The annual energy demand is 1282 GWh in the electricity and 858.5 GWh in the gas grid (2019). All buildings in the city area are connected to the electricity grid, but there are areas without a gas network. In those parts of the area where a gas network exists, about 80–90% of the buildings use gas for space or process heat generation. There is a special characteristic in the city area: The old town area is protected as a world cultural heritage site [59], so installations on the building envelope (e.g., photovoltaic (PV) system or heat pumps) are not permitted or are subject to approval. The electricity DNO has a revenue cap of approximately 20 M€ and the gas DNO has a revenue cap of approximately 10 M€. For the percentage distribution of the cost components, see [22]. The business figures and network data are provided by the DNO: Line and asset data are from the geo-information system; energy metering information is from the energy data management system; and the cost components of the revenue cap are from the cost allocation sheet. All data were recorded in 2018. The software-based models were created on a Python basis, using NetWorkX [60] for graph analysis and Pyomo [61,62] together with the commercial solver CPLEX [63] for the optimization. For load flow calculations, we use pandapower [64]. For pressure loss calculation, we use the commercial software STANET [65] and pandapipes [66].





3. Results and Discussion


3.1. Identification of Influencing Parameters


In this section, we provide a literature-based answer to the following question: Which building-, heating-, and grid-specific factors influence significantly the transformation of the energy supply infrastructure and may foster non-gas-based systems? The results are used to select important parameters and scenarios for the structural grid (Section 3.3) and sensitivity analysis (Section 3.4). We define five classes of parameters: (i) state regulatory environment, (ii) grid charge models, (iii) market, technology, and environmental conditions, (iv) building, use, and ownership characteristics, and (v) DNO and grid characteristics, concerning the different actors’ policy, DNO, building, market, technology, and environment. For each of these factors, we have identified subtypes. Table 3 covers the description or interpretation of these subtypes and the literature sources used for the parameterization. In addition, we explain why we use each parameter as an objective variable (will be observed), for scenario generation, or as an input variable, which will be varied in the sensitivity analysis (Table 3).




3.2. Analysis of Selected Structural Parameters for Real Urban Grid Areas


In this section, we answer the following question: How were building-, heating- and especially grid-specific influencing factors shaped in real urban grid areas of the German city of Bamberg in 2019? Therefore, 58 natural gas and 323 electricity distribution grids will be investigated. The results are used to define the scenarios and parameter settings for the sensitivity analysis (Section 3.4.). We analyze selected structural parameters that have a high influence on the grid economics [16]:




	
The number of customers supplied as well as the network length serve to classify the size of the investigated grid gas and electricity areas;



	
The energy demand and the number of customers per meter of line are used to classify the demand or customer density;



	
The average annual energy consumption of buildings provides information on the average customer size; the exponent k describes the grid topology and serves as a measurand for the relationship between the number of customers and the grid length needed for supply. This is the median of 10,000 simulations in which the customers are randomly removed from the grid one after the other. During this procedure, we have classified the grid length needed for supply and finally performed a power function fit to estimate k for every grid (n = 58) and simulation (n = 10,000) [16].








Figure 5 shows the results for the gas grids. The median in grid length is 4225 m, and the median of the number of customers is 146. The average energy consumption differs between 27,000 kWh (0.25-quantile) and 53,000 kWh (0.75-quantile), which is induced by a fluctuating connection density of the buildings to the gas grid as well as their size and energy efficiency. The number of customers per line meter (connection density) is between 0.026 L/m (0.25 quantile) and 0.04 L/m (0.75 quantile). This means that the distance between buildings connected to the gas grid is between 25 m (0.75-quantile) and 38 m (0.25-quantile). This range corresponds to comparable studies ([17]: Adoption for high-density areas 0.048 and low-density areas 0.021.). In the sensitivity analysis, we set the building density on a fixed level (0.04 L/m) and vary the heating system configuration of the building stock in three scenarios, whereby 50%, 75%, or 100% of the buildings are connected to the gas grid. This leads to connection densities of the buildings to the gas grid of 0.02, 0.03, and 0.04 L/m, corresponding to the situation in the real grid area of Bamberg.



The energy demand per line meter in the grid area is between 872 (0.25-quantile) and 1753 kWh/(m*a) (0.75-quantile). In a comparable study [17], the variation is higher: 5760 kWh/(m*a) for high-density areas with large connections and 840 kWh/(m*a) for low-density areas with small connections. Our scenarios in the sensitivity analysis cover a similar wide range of values: In the case of an apartment building stock of building age class B (MFH-B), a 100% connection rate results in an energy demand per line meter of approximately 4800 kWh/m and of approximately 400 kWh/m in case of a single-family house stock in the age class of K (SFH-K) with a connection ratio to the gas grid of 50%.



The exponent k, which describes the relationship between the number of customers in the grid and the network length, varies between 0.377 (0.25-quantile) and 0.443 (0.75-quantile). The dispersion of the value depends on the network topology and the order, respectively the distribution of the customer exits. We select the customer exits randomly. If this distribution is weighted, larger or smaller values of k are possible [16]. For that reason, we vary the exponent k as an input parameter in the sensitivity analysis from 0.2 to 1.0 in 0.2 steps.



The electricity and gas grid areas are not congruent; also, their characteristics differ: The number of electricity grids (n = 323) is significantly higher than that of the gas grids (n = 58); the grid length of the electricity grids (1351 m) is smaller than that of the gas grids (4225 m, 0.50 quantiles); the number of customers in the electricity grids (n = 32) is smaller than in the gas grids (n = 146, 0.50 quantiles); and the average energy demand of a customer in the electricity grids (15,301 kWh/a) is also lower than in the gas sector (36,725 kWh/a, 0.50 quantiles). The customer number per line meter in the electricity sector is 0.032 L/m, which is comparable to a similar level of 0.033 L/m in the gas sector (0.50 quantiles), although the dispersion in the electricity is higher than in the gas sector (IQD electricity 0.027 L/m, IQD gas 0.014L/m). As a result, the energy demand per line meter in the electricity sector (474 kWh/(m*a)) is lower than in the gas sector (1085 kWh/(m*a), 0.50-quantile). The dispersion is higher in the electricity than in the gas sector; compare Figure 5 and Figure 6.




3.3. Model Validation and Transformation Path Analysis of a Real Grid Area


In this section, we address two questions: (i) How are the endogenous variables (gas and electricity demand and the corresponding grid charges) shaped within the transformation path? (ii) Does our simplified grid and DNO model provide valid results? To answer these questions, we perform a simulation with our MILP model from 2020 to 2050 for a real electricity and gas grid area in the German city of Bamberg. This grid area was already analyzed in [22] based on a multi-agent simulation (MAS) with a similar building retrofit model and a detailed grid and DNO model, considering the individual grid assets. Thus, we are able to validate our results regarding the buildings’ investment decisions (heating system type, insulation status), the power function fit (customer number and grid length), as well as the gas and electricity DNO’s characteristics (grid charges, energy demand, grid length, revenue cap). The insulation status of the buildings, building types, and the corresponding heating systems are determined on the basis of [22] open street maps [59] and IWU-type buildings (IWU: institute of housing and environment), compliant with the data protection act [74]. For additional assumptions, simplifications, and adjustments corresponding to [22], see Appendix C.



The initial building stock is characterized by terraced houses of age classes F and G (n = 95) and single-family houses of age class E (n = 11), which are primarily equipped with gas (n = 86) and oil burners (n = 17) or electric direct heatings (n = 17) (Figure 7a). There are only minor differences between the selected building retrofits of both simulations ([22] in Figure 7b and our model in 7c): 5.4% (n = 7) of the buildings choose a divergent heating system configuration consisting of the heat generation unit and the heating circuit; 0.8% (n = 1) of the buildings choose different insulation thicknesses (difference greater than 5 cm); 0.8% (n = 1) of the buildings choose a solar thermal system of varying size. These differences are due to two reasons: Firstly, we restrict the solution space by limiting the choice of insulation thicknesses and solar thermal systems in order to reduce the computing time, compared to [22]. Secondly, our model maps the interdependency between the two actors is within a time step: We integrate both problems, the building owner’s retrofit and the DNO’s investment decisions, in a joint model. In the MAS from [22], both problems are modeled independently from each other in their own agents, which interact before and after optimization. As a result, the original optimization problems of both actors (building and DNO) are decoupled within a time step.



Some general trends can be deduced from the results of both simulations (for this area under the assumed regulatory constraints):




	
Electric direct heatings are substituted without exception due to the energy price and the regulatory constraints, mainly by electric heat pumps (25 out of 26 systems in [22]).



	
Energy prices and the regulatory constraints lead to an increased substitution of oil (eight of 17 systems in [22]) and gas burners (27 of 86 systems in [22]).



	
Measures in the range of 10–20 cm are chosen for building insulation. In those cases, oil and gas burners (84% of the buildings with insulation measures in [22]) become more attractive than heat pumps (16%).



	
Solar thermal systems are only installed in a small number (n = 6) and mainly used in apartment buildings (four out of six buildings in [22]).








We model the relationship between grid length and number of customers using a power function and estimate the exponent k based on the results from [22] (see Figure 8b, green curve). After fitting, we linearize the function piecewise. The breakpoints are selected so that the sum of the error squares is minimized (Figure 8a).



This represents a significant simplification of the grid and DNO model. Therefore, we validate our model in the following way. Based on the results of [22], an additional observation can be made: Energy-saving measures increase the disproportionality between the length of the grid and the energy supplied (Figure 8a). Due to the properties of the potency function, we systematically underestimate the length. This effect could further accelerate the grid charge increase in scenarios where grid customers leave the grid.



The validity of our simplified grid and DNO model can be assessed by comparing the gas and electricity demand (Figure 9a), grid charges (Figure 9b), grid lengths (Figure 9c), and revenue cap (Figure 9d) development of both simulations.



In the case of electricity and gas demand, as well as the gas grid length, the error is small. The absolute value of the revenue cap and the grid charges in the gas sector are overestimated in our model. This additive error is due to the simplifications within our model and comes from an overestimation of the CAPEX, rather than the cumulative modeling of all assets with the mean rest book value     mrbvf   𝒸 , 𝓉    . This systematic error can be compensated by adjusting the specific cost parameter    C 𝒸 I    of the lines (historical acquisition costs) of the DNO. As a result, the revenue caps and grid charges for gas and electricity of the two simulations would coincide at the beginning of the simulation.



In both simulations, some general trends for the interdependencies between the actors can be observed: The gas demand decreases, which is induced by energy-saving measures and the substitution of gas-based systems (Figure 9a). Consequently, the grid charges increase by 134% from 2020 to 2050, resulting in an increase in the gas procurement price of 36% (own model, Figure 9b). Depending on the type of building and the initial building equipment, this can increase the total costs of the gas-based retrofit solution to such an extent that heat pump solutions appear economically more attractive. As a result, the rate of change in gas demand over time increases from 2035 up to 2050 compared to the period 2020–2035.



The observed increase in grid charges is mainly induced by the disproportionately low decrease in grid length (Figure 9c) in relation to energy: By 2050, the gas demand will decrease by approximately 70% and the length of the grid will decrease by approximately 10%. As a result, a disproportionately long grid has to be operated. The resulting costs for network operation are allocated to the grid charges, which is why the revenue cap of the gas DNO decreases almost linearly (Figure 9d). The decrease in electricity demand in this grid area is induced by the change of the initially high number of electrical storage heaters and energy-saving measures in the buildings, also resulting in an increase in grid charges.




3.4. Sensitivity Analysis for Types of Building Areas


In the sensitivity analysis, we address the following questions: (i) How are the endogenous variables (gas demand, gas grid charges) influenced by different configurations of the exogenous variables (building type and age, heating system configuration, grid topology)? (ii) Which configuration of exogenous variables results in an equilibrium between the construction and replacement of gas-based heating systems, fosters gas-based systems, or causes the collapse of the gas grid infrastructure?



For that reason, we simulate different scenarios for a building collective (n = 31), varying the building types (n = 3), the building age classes (n = 3), and the initial heating system configuration (n = 3) (period: 2020–2050). For each scenario, we perform the simulation for five grid topologies (represented by the exponent k). In addition, we investigate how the initial grid age and the interest rate for energy procurement in the buildings influence the results. We measure the gas and electricity demand in 2050 in relation to 2020 and discuss the heating system stock in 2050.



Figure 10 shows the development of the relative gas demand for all types of building collectives (lines) and grid topologies (data points). For the electricity demand, see Figure A1 in Appendix D. One data point represents the gas demand (2050 compared to 2020) of one simulation (the same building, heating and grid configuration): The gas demand decreases for all types of building collectives (building types: TH, SFH, MFH, age classes: B, G, K), particularly in areas with terraced and single-family housing and a low ratio of buildings connected to the gas grid (connection rates: 50%, 75%, 100%). With regard to the connection rate, a dependence of the gas demand to the network topology (value k) can be observed, which decreases with an increasing value of k. This means that the risk of a complete gas grid defection increases with a decreasing initial connection rate of buildings to the gas grid, building size (SFH, TH), and a decreasing exponent k (compare Figure 10a–c). Hence, the exponent k, which describes the network topology, can also be seen as a predictor for the risk of gas grid defection: For smaller values of k, the disproportionality between grid length and energy supplied rises. With that, the risk of a grid charge increases when customers leave the grid. This effect fosters the attractiveness of a substitution of gas-bound systems but weakens the higher the connection rate of gas customers or energy consumption per line meter.



Two opposing mechanisms can be observed in buildings with initially installed gas burners, especially in areas with a lower ratio (50% or 75%) of small buildings (SFH, TH) connected to the gas grid: On the one hand, the initial gas grid charges and thus energy-related expenditures for gas burners are on a high level, which make gas burners unattractive for new construction. On the other hand, buildings that initially use gas burners tend to renew them, as long as energy-related expenditure remains below a certain threshold, as the conversion is associated with additional costs.



A change of the energy carrier for heating is associated with a retrofit of the technical building equipment, which increases the investment expenditures. This concerns buildings that switch to gas as well as from gas, so there is an interrelation between both mechanisms.



In areas with a low connection rate (50%, 75%), the non-gas-supplied buildings of the age class K have initially installed heat pumps, while those of the age classes B and G have initially installed oil burners and electric direct heating systems. Each system is linked to the corresponding technical building equipment option. In the case of direct electric heating, the installation of a gas condensing boiler is associated with a retrofit of a gas grid connection, a chimney, and a heating distribution network, as well as radiators. In our model, these expenses are partly independent and partly dependent on the size of the building (reference floor area). Consequently, the weight of the investment expenditure for the technical building equipment in the investment decision is higher in SFH and TH compared to MFH buildings. In MFH buildings, the investment and operating expenditure for the heat generator are higher weighted (compare Figure 11a–c).



On the one hand, this makes the substitution of an existing gas burner unattractive as long as the energy-related expenditures do not rise above a certain threshold. On the other hand, even for low energy-related expenditures, switching to gas burners is prevented by high investment expenditures for retrofitting the technical building equipment.



An additional aspect to be observed concerns the renovation of the building envelope: Corresponding to the expected technical lifetime of the building envelope of about 47 years, 66% of the buildings renovate the building envelope within the planning horizon. The discussed cost situation concerning the technical building equipment motivates building owners to take insulation measures when renewing their gas heating systems, especially in areas with small buildings (SFH, TH). Even in other types of building collectives (MFH), surface retrofits are often combined with the installation of a gas burner, especially in buildings with initially installed gas burners. We see this by comparing Figure 10a with Figure 11a (type: MFH-K, 50% connection rate, k = 0.6): The number of gas systems remains unchanged, but the gas demand drops by 42% from 2020 to 2050, which is induced by insulation measures and the use of solar thermal systems. Thus, for certain MFH-type collectives, the relative gas demand decreases (compare Figure 10a–c, types: MFH-B and MFH-G) with an increasing number of gas-bound systems (compare Figure 11a–c).



In this context, it is important to note that the grid charges are calculated individually for each building collective. Therefore, they are lower in areas with multi-family housing than in those with terraced or single-family housing: We take into account the grid charges of the transportation grid by means of a fixed cost parameter    C 𝒸  UpGC    , which is defined globally for all areas. The grid charges of the distribution grid are calculated individually based on the characteristics of the grid and the energy demand. Since the grid length and age of the distribution grid are defined globally, the grid charges vary between the building collectives depending on the energy demand of the individual areas. This corresponds to the methodology used in practice [17]. As the building stock in real grid areas is much more heterogeneous, the dispersion of grid charges between areas is less pronounced than that between our type collectives.



In the following, we extend the sensitivity analysis by varying two parameters that have a major influence on the development, namely the initial length-weighted network age on the gas and electricity DNO side [17] and the interest rate for energy procurement expenditure on the building owner side:




	
The initial length-weighted grid age has a major impact on the level of the grid charges. It largely determines the DNO’s CAPEX, which is dependent on the grid length and age. We vary the base setup (electricity and gas grid age of   0.50 ·  T  TL    ) to a grid age of   0.75 ·  T  TL    .



	
The building owners’ investment decisions are significantly influenced by the level of the interest rate for energy procurement expenditure. We model them as an annually constant expenditure series for the technical lifetime of the heating system (33.5 years) and an interest rate of 4% (PF = 18.3). We vary the rate of the base setup to a rate of 0.5% (PF = 31).








Figure 12 shows the results of the analysis of a change in the grid age (Figure 12a) and interest rate (Figure 12b) for energy procurement expenditure. The connection rate of buildings to the gas grid in both simulations is 50%. Figure A2 in Appendix D shows the sensitivities of electricity demand to changes in interest rates and grid age.



An initial grid age of   0.75 ·  T  TL     (Figure 12a) results in a higher gas consumption and a lower dispersion compared to the basic setup (Figure 10a), especially for small values of k and the type areas TH-K and SFH-K. This effect occurs as long as the optimizer tries to keep the initial grid age constant but is reversed as soon as it tries to reduce the grid age to the level of   0.50 ·  T  TL     by increasing the investments, as it is assumed in other studies [17].



A reduction in the interest rate for expenditure on energy procurement (Figure 12b) has the opposite effect: The dispersion increases, and scenarios in which the gas grid is totally defected becomes more likely. With a decreasing interest rate, the weight of the energy-related expenditure in investment decisions increases. As a result, an increase in grid charges has a stronger effect on the investment decision. In this sense, the interest rate represents a weighting factor for energy-related expenditure in the building investment decision. In reality, a reduction of the interest rate corresponds to investors who put more emphasis on operating than on the investment expenditures [71]. In this case, the risk for gas grid defection increases.





4. Conclusions


Our work provides two innovations in modeling: We present a single-level mixed integer linear program with which retrofit decisions of buildings and investment decisions of electricity or gas DNOs can be evaluated in an integrated way, i.e., with the mutual dependencies between the different actors. We achieve this goal by (i) transforming the central DNO optimization problem considering the yearly cash flow to an equality constraint, (ii) mapping the relationship between grid length and supplied energy in the grid by a validated power function fit, and (iii) integrating the whole sub-model into the original building retrofit optimization model.



A validation using a detailed grid and DNO model [22] has shown that our simplified model provides high-quality results. As the grid is only determined by its age, the exponent k, the grid length, customer number, and the DNO’s cost parameters, this simplified model can be used in macroscopic studies where many subnetworks have to be modeled, which are often lacking detailed information. For that reason, our model can be used independently of the building model. It helps to improve the quality of studies that currently neglect the grid topology [25].



On the one hand, the results of the transformation path analysis for the building sector confirm general trends from the literature (considering the situation in Germany) [14,22]. (i) Electric direct heating systems are substituted without exception. (ii) Energy prices and the regulatory conditions lead to an increased substitution of oil- and gas-based systems by electrical heat pumps. (iii) In case of building insulation, oil and gas burners become economically more attractive. On the other hand, the results of the transformation path analysis offer some new insights into the interrelated system between gas and electricity grid investments and the building owner’s retrofit decisions: As the gas demand decreases, which is induced by energy-saving measures and heating system changes in buildings, the gas grid charges rise, which makes the substitution of gas-fired heating more attractive and thus accelerates the decrease in gas demand.



The results of the sensitivity analysis for 27 different types of building collectives and five different network topologies show that the transformation path strongly depends on the building, heating system, and network configuration whereby two trends can be observed depending on the individual configuration.



On the one hand, gas-fired systems are currently attractive for building owners in areas with apartment housing (MFH) and a high density of buildings connected to the gas grid. This is because the initial grid charges are low and the investment expenditure for the technical building equipment for the installation of a gas condensing boiler (heating circuit, chimney and gas connection) is low in relation to absolute investment expenditure in case of MFHs. From a DNO’s point of view, the economic viability of the gas network in these areas is secured for the future, even if the demand for gas is declining.



If, on the other hand, heating energy demand decreases in areas with single-family or terraced housing (SFH, TH) with a lower rate of buildings connected to the gas grid, the grid charges that are initially at a high level rise sharply, further reducing the attractiveness of gas-based systems. For these areas in particular, the long-term question at a political level is whether it makes economic sense to operate a gas network. For areas where this is not the case, the respective federal policy should provide building owners as well as DNOs incentives to substitute gas-bound heating systems and deconstruct the gas grid infrastructure. In areas in which the operation of the gas network is also economically viable in the future due to the energy demand and network structure, the increasing grid charges to be borne by the individual grid user should be socialized. This reduces the risk of a complete gas grid defection and helps to maintain the gas grid in particular, as the natural gas infrastructure can serve as a flexibility option in a future renewable energy system [75]. The conversion of the grid charge system is a suitable option to maintain or shutdown grid infrastructure at a local level [34].



The insights gained in the sensitivity analysis on specific building structures can be used in practice to reduce economic risks (sunk costs) in relation to grid renewal measures: In a first step, it is possible to cluster the building stock within the grid area according to the presented characteristics. In a second step, critical areas with a high risk of gas grid defection can be identified and investment roadmaps adapted. For that reason, our approach has to be extended for industrial and commercial areas with particularly high load density. Therefore, heating grids have to be integrated in the model, as they are economically attractive in high-density building stock [76,77]. Furthermore, we have not considered the usage of renewable gases and hydrogen in the future energy system (our assumption: CO2 footprint in grid-bound gas supply remains unchanged on the initial level). A reduction of the CO2 footprint would raise the attractiveness of gas-bound systems, especially in areas with a high density of gas grid connections and small buildings (due to the ratio of investment expenditures for the technical building equipment and the heating).
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Table A1. List of acronyms.






Table A1. List of acronyms.





	Acronym
	Name
	Acronym
	Name





	AWHP
	Air water heat pump
	MPPDC
	Mathematical program with primal and dual constraints



	BES
	Building energy system
	MAS
	Multi-agent simulation



	BE
	Building envelope
	MFH
	More family house



	B
	Building age class
	MSE
	Mean squared error



	BO
	Building owner
	OCB
	Oil condensing boiler



	CAPEX
	CAPEX
	OPEX
	OPEX



	CO2
	Carbon dioxide
	OSM
	Open street maps



	COP
	Coefficient of performance (heat pumps)
	PB
	Pellet burner



	DHW
	Domestic hot water
	PF
	Present value factor



	DNO
	Distribution network operator
	R2
	Coefficient of determination



	E
	Energy
	RFA
	Reference floor area



	EDH
	Electrical direct heating
	RBV
	Rest book value



	ERR
	Expected rate of return
	RC
	Revenues cap



	EU
	European Union
	STE
	Solar thermal plant



	GC
	Grid charges
	SFH
	Single family house



	GCB
	Gas condensing boiler
	SGC
	Stable grid charges



	GWHP
	Ground water heat pump
	SGV
	Stable grid value



	IQD
	Interquartile distance
	SRC
	Stable revenue cap



	IWU
	Institute Housing and Environment
	STE
	Solar thermal energy plant



	MILP
	Mixed integer linear program
	TH
	Terraced house
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Table A2. Nomenclature of formula symbols of the building retrofit model, see also [22].
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Parameter

	
Description [Unit]

	
Value

	
Source






	
Components of the expenditures




	
    c 𝒿 B    

	
Total expenditures for heating within the technical lifetime of the heating system [€]




	
    c 𝒿  BE     

	
Investment expenditures for the building insulation retrofit [€]




	
    c 𝒿  BES     

	
Investment expenditures for the change of the heating system and technical building equipment [€]




	
    c 𝒿  EN     

	
Expenditures for energy procurement over the technical lifetime of the heating system [€]




	
    c 𝒿 M    

	
Expenditures for maintenance over the technical lifetime of the heating system [€]




	
Parameters




	
    A 𝒿 E    

	
Building surface area [m2]

	
Corresponding values are shown in [22] (Supplementary Materials)




	
    A  𝒿 , 𝓅   EP     

	
Area of a building surface component [m2]




	
    T 𝒿 N    

	
Yearly usage hours of the heating system [h]




	
    S  𝒹 , 𝒿   BE     

	
Design-relevant building heat load (for heating system) (thermal ventilation and transmission losses) [kW]




	
    S 𝒿 S    

	
Heat load for: Radiation losses, internal wins, heat distribution losses, auxiliary energy [kW]




	
    S  𝓈 , 𝒿   STE     

	
Heat load thermal solar plant [kW]




	
    S 𝒿  DHW     

	
Heat load for domestic hot water generation [kW]




	
    M 𝓀  BES     

	
Specific yearly expenditures for maintenance of the heating in percent of investment expenditure [-]




	
    M 𝓈  STE     

	
Specific yearly expenditures for maintenance for the solar thermal plant in percent of investment expenditure [-]




	
    E 𝓀  BES     

	
Plant expenditure figure of the heating systems




	
    B  𝒸 , 𝓀   EC     

	
Energy carrier of the heating system (Binary decision parameter)




	
    C 𝒿  BEvar     

	
Specific variable investment expenditures for a building surface retrofit [€/(m2·cm)]




	
    C 𝒿  BEfix     

	
Specific fix investment expenditures for a building surface retrofit [€/m2]




	
    D 𝒹 D    

	
Insulation thickness [cm]

	
0–30




	
    C 𝓀  BESvar     

	
Specific variable expenditures for the heating system [€/kW]

	
Corresponding values are shown in [22] (Supplementary Materials)




	
    C  𝓀 ,   𝒿   BESMfix     

	
Specific fix expenditures for the heating system (maintenance) [€]




	
    C  𝓀 ,   𝒿   BESfix     

	
Specific fix expenditures for the heating system [€]




	
    C  𝓈     STEvar     

	
Specific variable expenditures for the solar thermal plant [€/kW]




	
    C 𝓈  STEfix     

	
Specific fix expenditures for the solar thermal plant [€]




	
    C  𝒸 , 𝓉   EC     

	
Specific yearly energy related expenditures (tax + procurement + grid charges) [€/kWh]




	
    C  𝒸 , 𝓉   Proc     

	
Specific energy procurement costs

	
Electricity [€/kWh]

	
0.0761

	
[78]




	
Natural gas [€/kWh]

	
0.0313

	
[78]




	
Oil [€/l]

	
0.506

	
[79]




	
Pellet [€/kg]

	
0.231

	
[80]




	
    C  𝒸 , 𝓉   Tax     

	
Energy related taxes and duties (excluding the CO2 tax, which is calculated in the model)

	
Electricity [€/kWh]

	
0.1602

	
[78]




	
Natural gas [€/kWh]

	
0.0164

	
[78]




	
Oil [€/l]

	
0.169

	
[81,82]




	
Pellet [€/kg]

	
0.016

	
[81,82]




	
     EM   𝒸 , 𝓉   EC     

	
Specific CO2-emissions per energy carrier [kg/kWh]

	
Electricity (linear decrease to 0.103 in 2050)

	
0.462

	
[83,84]




	
Natural gas

	
0.202




	
Oil

	
0.294




	
Pellet

	
0.023




	
     HV  𝒸    

	
Heating value

	
Natural gas [kWh/m3]

	
11.42

	
[85]




	
Oil [kWh/liter]

	
11.27




	
Pellet [kWh/kg]

	
5.27

	
[86]




	
    F 𝒸 P    

	
Primary energy factor

	
Electricity

	
1.8

	
[19]




	
Natural gas

	
1.1




	
Oil

	
1.1




	
Pellets

	
0.2




	
    Q 𝒿   H  init       

	
Initial yearly end energy demand of a building




	
     EM  𝒿  init     

	
Initial yearly CO2 emissions of a building




	
    Q 𝒿   P  EnEV       

	
Upper bound for the yearly primary energy demand considering the energy efficiency constraint




	
    S 𝒿   T  EnEV       

	
Upper bound for the heat load considering the energy efficiency constraint




	
     PF  M    

	
Present-value factor maintenance

	
31

	




	
     PF   EN     

	
Present-value factor energy procurement

	
31 or 18.3

	




	
Variables




	
    b  𝒹 , 𝒿   B E     

	
Building surface retrofit 𝒹 in house 𝒿 (Binary decision variable)




	
    b  k ,   𝒿   B E S     

	
Heating system 𝓀 in house 𝒿 (Binary decision variable)




	
    b  𝓈 , 𝒿   S T E     

	
Solar thermal plant 𝓈 in house 𝒿 (Binary decision variable)




	
    e  𝒸 , 𝓉   Heating     

	
Energy for heating applications in year 𝓉 in gas or electricity grid [kWh/a]




	
    E  𝒸 , 𝓉   AnyOther     

	
Energy for all applications except heating in year 𝓉 in gas or electricity grid [kWh/a]




	
    c  𝒸 , 𝓉   G C     

	
Grid charges gas or electricity in year 𝓉 [€/kWh]




	
Indices and sets




	
   𝒹 ∈ D   

	
An insulation thickness standard 𝒹 of all standards 𝒟




	
   𝓅 ∈ P   

	
Surface part 𝓅 of all building surface parts 𝒫




	
  𝓀 ∈ K  .

	
A heating system type 𝓀 of all heating system types 𝒦




	
   𝒸   ϵ   C   

	
An energy carrier 𝒸 of all carriers 𝒞




	
   𝓈 ∈ S   

	
A solar thermal plant 𝓈 of all available types and sizes 𝒮




	
   𝒿   ϵ   𝒿   

	
A building 𝒿 of all buildings 𝒥 connected to the grid
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Table A3. Nomenclature of the distribution network operator model, see also [22].
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Parameter

	
Description [Unit]

	
Value

	
Source




	
Gas

	
Electricity






	
Cost components of the revenue cap




	
    α  𝒸 , 𝓉   C A P E X     

	
Capital expenditures gas or electricity [€]




	
    α  𝒸 , 𝓉   O P E X     

	
Operational expenditures gas or electricity [€]




	
    α  𝒸 , 𝓉   E C     

	
Calculated return on equity gas or electricity [€]




	
    α  𝒸 , 𝓉   B C     

	
Interest on borrowed capital gas or electricity [€]




	
    α 𝒸  T a x     

	
Calculated trade tax gas or electricity [€]




	
    α  𝒸 , 𝓉   D e p r     

	
Calculated interest on borrowed capital gas or electricity [€]




	
    α  𝒸 , 𝓉   O C     

	
Operational costs gas or electricity [€]




	
    α  𝒸 , 𝓉   L C     

	
Loss costs gas or electricity [€]




	
    α  𝒸 , 𝓉   U p G C     

	
Upstream grid charges gas or electricity [€]




	
    α  𝒸 , 𝓉   C o n c     

	
Concession fees gas or electricity [€]




	
Parameters




	
    R ℓ     EC      

	
Interest rate equity capital of line ℓ

	
0.0691 *

	
0.0691 *

	




	
    Q ℓ     EC      

	
Amount of equity capital of line ℓ

	
0.40

	
0.40

	
[17]




	
    R ℓ     BC      

	
Interest rate borrowed capital of line ℓ

	
0.035 *

	
0.035 *

	




	
    Q ℓ     BC      

	
Amount of borrowed capital of line ℓ

	
0.60

	
0.60

	
[17]




	
    R  Tax     

	
Trade tax rate

	
0.14 *

	
0.14 *

	




	
    T  TL     

	
Technical lifetime of a line [a]

	
45

	
40

	
[87]




	
    T  Planning     

	
Planning horizon [a]

	
31

	
31

	




	
    C 𝓉  UpGCG     

	
Specific costs of upstream grid charges [€/kWh]

	
0.0030 *

	
0.025 *

	




	
    C 𝓉  Conc     

	
Specific costs for concession fees [€/kWh]

	
0.0023 *

	
0.011 *

	




	
    C  LC     

	
Specific lost costs [€/kWh]

	
0.0080 *

	
0.044 *

	




	
    F  Loss     

	
Loss factor

	
0.00 *

	
0.026 *

	




	
    C  LRC     

	
Specific operational costs [€/m]

	
5.0 *

	
7.9 *

	




	
    E  𝒸 , 𝓉   AnyOther     

	
Any other energy in year 𝓉 in gas or electricity grid [kWh/a] (calculated based on the RFA)

	
0 * [kWh/(m2·a)]

	
25 * [kWh/(m2·a)]

	




	
Variables




	
    T ℓ     Init      

	
Line age at the begin of planning horizon [a] *




	
    T ℓ     TL      

	
Technical lifetime of a grid line ℓ [a]




	
    C ℓ     I      

	
Historical acquisition expenditures for line ℓ [€/m] *




	
    L ℓ    

	
Line length of line ℓ [m] *




	
    l  𝒸 , 𝓉   Grid     

	
Line length of a grid in the year 𝓉 [m] *




	
    l  𝒸     Gridmax     

	
Maximal line length of a grid, when every building is connected to the grid [m]




	
    n  𝒸 , 𝓉   Cust     

	
Number of grid customers in year 𝓉




	
    n 𝒸  Gridmax     

	
Maximal number of grid customers, when every building is connected to the grid




	
    A  M e a n I n i t     

	
Length-weighted average age of the grid [a]




	
     RBVF   ℓ , 𝓉     

	
Rest book value factor of line ℓ in year 𝓉 as a function of the binary decision variables




	
     mrbvf   𝒸 , 𝓉     

	
Mean rest book value factor of all grid asset in year 𝓉




	
    c  𝒸 , 𝓉   GC     

	
Grid charges gas or electricity in year 𝓉 [€/kWh]




	
    e  𝒸 , 𝓉   Heating     

	
Energy for heating applications in year 𝓉 in gas or electricity grid [kWh/a]




	
Indices and sets




	
   𝒿   ϵ   J   

	
A building 𝒿 of all buildings 𝒥 connected to the grid




	
   ℓ   ϵ   L   

	
A line ℓ of all lines ℒ in the grid




	
   𝓉   ϵ   T   

	
A year 𝓉 within the planning horizon 𝒯




	
   𝒸   ϵ   C   

	
An energy carrier 𝒸 of all carriers 𝒞




	
Investment expenditure for new construction of grid assets




	
    C  ℓ , 𝒸 = e l e c t r i c i t y  I    

	
Investment expenditures electrical lines [€/m]

	

	
114 *

	




	
    C  ℓ , 𝒸 = g a s  I    

	
Investment expenditures gas pipes [€/m]

	
214 *

	

	








* Values are chosen on the basis on the situation in Bamberg (Germany 2019).












Appendix B. Building Retrofit Optimization Model


The optimization model for a single building and the corresponding parameters used are introduced in [22]. We have used this model and extended it. For a detailed explanation of the sub-models, which are listed below, we refer to [22] (the original paper or the supplements part):




	
Original paper: Detailed description and primary sources of the building retrofit optimization model and constraints



	
Supplements part: Thermal building model—calculation of the building heat load



	
Supplements part: Thermal building model—domestic hot water generation and additional heat losses and wins



	
Supplements part: Solar thermal model



	
Supplements part: Building surface model—calculation of specific building surface investment expenditures and heat transmission coefficients



	
Supplements part: Preprocessing procedure for the calculation of the building individual investment expenditures for the heating system









Appendix C. Conception of the Sensitivity Analysis and Transformation Path Analysis


We have parameterized our building retrofit model based on [22]. For detailed information about parameters of the model, see the supplementary material part of this source; the following parameters are available there:




	
Specific investment expenditures per building surface parts



	
Specific investment expenditures for the technical building equipment options



	
Technical specifications of the building heating systems (retrofit)



	
Technical specifications of the solar thermal plants (retrofit)



	
Initial building properties of the used building types



	
Initial building heating system types and specifications



	
Initial heat transmission coefficients and areas of the building surface parts








We have added some additional assumptions and simplifications in the validation (Section 3.3) and sensitivity analysis part (Section 3.4). In the following, they are listed:




	
Validation: We limit the solution space by reducing the number of possible insulation thicknesses (0, 10, 15, 20 cm) and that of the solar thermal systems (0, 60%, 100% coverage rate for drinking water), with the goal of reducing the calculation time.



	
Sensitivity analysis: We limit the solution space by reducing the number of possible insulation thicknesses (0, 5, 10, 15, 20, 25, 30 cm) and that of the solar thermal systems (0, 20%, 40%, 60%, 80%, 100% coverage rate for drinking water), with the goal of reducing the calculation time.



	
Validation: We set the parameters and constraints of the simulation corresponding to [22]: Investment dates, building and heating system types are set according to seed 1; Grid length is set corresponding to seed 1; Constraints are set according to “Combination 2”; Parameters of the electricity and gas grid as well as the building and heating system.



	
Validation and sensitivity analysis: The building types in the grid area under consideration were determined on the basis on open street maps [59] and assigned to IWU-type buildings. The insulation status of the buildings and the corresponding heating systems were assigned to the types from [22].



	
Validation and sensitivity analysis: We set reduced grid charges (25%) for interruptible consumers in the electricity sector (storage heaters and heat pumps), which causes revenue shortfalls for the DNO. In reality, these shortfalls are passed on to the regular grid charges. Due to the size of the investigated grid areas, this would cause unrealistic high grid charges. In this way, we do not implement this levy mechanism.
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Table A4. Year of investment of buildings dependent on the building age and heating type.
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Connection Ratio Gas Grid

	
Building Age

	
Heating System

	
Year of Investment




	
0

	
1

	
2

	
3

	
4

	
5

	
6

	
7

	
8

	
9

	
10

	
11

	
12

	
13

	
14

	
15

	
16

	
17

	
18

	
19

	
20

	
21

	
22

	
23

	
24
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28

	
29

	
30
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1

	
1

	
1
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1

	
1

	
1
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1
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1
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1

	
1

	
1
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1
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Appendix D. Additional Results
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Figure A1. Sensitivities of the future electricity demand (2050 to 2020) to the gas grid topology for different types of building collectives and heating system configurations, whereby a different amount of the buildings are initially connected to the gas grid (a): 50% (b): 75% (c): 100% (Length-weighted mean grid age in all simulations:   0.50 ·  T  TL    ; Interest rate on energy procurement in the building investment model in all simulations: 4% (PF = 18.3)). 
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Figure A2. Sensitivities of the future electricity demand (2050 to 2020) to the gas grid topology for different types of building collectives and a heating system configuration, where 50% of the buildings are initially connected to the gas grid (a): Length-weighted mean grid age electricity and gas   0.75 ·  T  TL    ; Interest rate on energy procurement in buildings ERR = 4% (PF = 18.3) (b): Length-weighted mean grid age electricity and gas   0.50 ·  T  TL    ; Interest rate on energy procurement in buildings ERR = 0.5% (PF = 31). 
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Figure 1. Our hypothesis: We postulate a self-reinforcing feedback loop between building energy retrofit decisions and gas and electricity grid charges, which increase the risk of a complete defection of the natural gas grid. (R: positive reinforcing loop; link polarities (X→Y): +: when X increases, Y increases; -: when X increases, Y decreases (and vice versa) [18]). 
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Figure 2. The modeling approach: We present a mixed integer linear optimization approach following a Stackelberg game [35], where the leader is represented by a building retrofit optimization model and the follower is represented by the gas and the electricity distribution network operators (DNOs). 
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Figure 3. Analysis of the transformation path: We carry out the optimization for each year in the planning horizon. The results from the year 𝓉 are set as input data for the year 𝓉+1. The year of investment   𝓉 =  𝓉  I n v e s t     of a single building is determined with a binary parameter. 
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Figure 4. (a): Natural gas low-pressure distribution grid area under investigation (b): Electricity low-voltage distribution grid area under investigation (The grid areas are located in the German city of Bamberg. The areas of transformer sub-stations (electricity) or pressure regulator stations (gas) are marked in different colors. The locations of the transformer sub-stations are marked in black. The background map is taken from [59]). 
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Figure 5. Box plots of structural parameters estimated for all natural gas grid areas (n = 58) in the German city of Bamberg in 2019 (a): Number of grid customers per area (b): Mean yearly energy demand per customer in all areas (c): Grid length per area (d): Yearly energy demand per line meter and area (e): Customer number per line meter and area (connection density) (f): Median exponent k for 10,000 seeds randomly distributed exits in all grid areas, see [16] (Dots: individual grid areas, boxes: median and 25%/75% percentiles of the resulting distribution, whiskers: +/− 1.5 inter quartile distance (IQD)). 






Figure 5. Box plots of structural parameters estimated for all natural gas grid areas (n = 58) in the German city of Bamberg in 2019 (a): Number of grid customers per area (b): Mean yearly energy demand per customer in all areas (c): Grid length per area (d): Yearly energy demand per line meter and area (e): Customer number per line meter and area (connection density) (f): Median exponent k for 10,000 seeds randomly distributed exits in all grid areas, see [16] (Dots: individual grid areas, boxes: median and 25%/75% percentiles of the resulting distribution, whiskers: +/− 1.5 inter quartile distance (IQD)).



[image: Smartcities 04 00007 g005]







[image: Smartcities 04 00007 g006 550] 





Figure 6. Box plots of structural parameters estimated for all electricity grid areas (n = 323) in the German city of Bamberg (a): Number of grid customers per area (b): Mean yearly energy demand per customer in all areas (c): Grid length per area (d): Yearly energy demand per line meter and area (e): Customer number per line meter and area (connection density) (dots: individual grid areas, boxes: median and 25%/75% percentiles of the resulting distribution, whiskers: +/− 1.5 IQD). 
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Figure 7. Buildings and heating systems in the area under investigation (a): Initially installed systems (2020) (b): Optimization results of [22] (2050) (c): Optimization results of this work (2050) (Labels: heating system type forward/return flow temperature in °C. Initially installed heatings: Heating system types do not correspond to the real status in the area. Data alienated in accordance with data protection regulations [74]. The background map is taken from [59]). 
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Figure 8. Measured, fitted, and linearized values of grid length, number of customers, and energy supplied by comparing the results of the multi-agent simulation [22] and the presented optimization model. (a): Grid length and customer number as implemented in our model (b): Grid length, customer number, and energy demand, to illustrate the additional impact of energy-saving measures and renewable generation (R2: Coefficient of determination, MSE: Mean squared error). 
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Figure 9. A comparison of selected results for the area under investigation between [22] and the own optimization model (a): The yearly gas and electricity demand (b): The yearly gas and electricity grid charges (c): The yearly electricity and gas grid length (d): The yearly gas and electricity DNO’s revenue cap (mean squared errors calculated based on the values normalized to the maximum of [22]). 
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Figure 10. Sensitivities of the future gas demand (2050 relative to 2020) to the grid topology for different building types and heating system configurations, whereby a different amount of the buildings are initially connected to the gas grid (for the system configuration, see Table 2) (a): 50% (b): 75% (c): 100% (length-weighted mean grid age in all simulations:   0.50 ·  T  TL    ; Interest rate on energy procurement in the building investment model in all simulations: 4% (PF = 18,3)). 
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Figure 11. Selected results of the sensitivity analysis: Building age-specific initial heating system configuration (2020) and final heating system stock (2050) for a fixed value of the exponent k (k = 0.6) as well as different type areas and an initial connection ratio of buildings to the gas grid (a): 50% (b): 75% (c): 100% (length-weighted mean grid age electricity and gas in all simulations   0.50 ·  T  TL    ; interest rate on energy procurement in the building investment model in all simulations expected rate of return (ERR) = 4% (PF = 18.3)). 
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Figure 12. Sensitivities of the future gas demand (2050 relative to 2020) to the grid topology for different building types and a heating system configuration, where 50% of the buildings are initially connected to the gas grid (a): Length-weighted mean grid age electricity and gas   0.75 ·  T  TL    ; Interest rate on energy procurement in buildings ERR = 4% (PF = 18.3) (b): Length-weighted mean grid age electricity and gas   0.50 ·  T  TL    ; Interest rate on energy procurement in buildings ERR = 0.5% (PF = 31). 
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Table 1. Cost components of the revenue cap, dependencies, and shares in the city of Bamberg.
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Cost Component

	
Considered Dependencies

	
Share of Cost Base in Bamberg * (%)




	
    Grid   Length    l  𝒸 ,   𝓉     G r i d      

	
    Grid   Age   m r b v  f  𝒸 , 𝓉      

	
    Energy    e  𝒸 , 𝓉   G r i d      

	
Gas DNO

	
Electricity DNO






	
CAPEX    α  C A P E X    

	
Calculatory return equity    α  𝒸 , 𝓉   E C    

	
+

	
-

	

	
9.9

	
5.1




	
Calculatory trade tax    α  𝒸 , 𝓉   T a x    

	
+

	
-

	

	
1.3

	
0.7




	
Interest on borrowed capital    α  𝒸 , 𝓉   B C    

	
+

	
-

	

	
6.6

	
3.9




	
Calculatory depreciations    α  𝒸 , 𝓉   D e p r    

	
+

	
-

	

	
15.0

	
10.3




	
OPEX    α  O P E X    

	
Other operational costs    α  𝒸 , 𝓉   O C    

	
+

	

	

	
33.6

	
29.8




	
   Loss   cos ts    α  𝒸 , 𝓉   L C   +   

	

	

	
+

	
0.0

	
1.6




	
   Upstream   grid   charges    α  𝒸 , 𝓉   U p G C   +   

	

	

	
+

	
19.0

	
34.1




	
   Concession   fees    α  C o n c   +   

	

	

	
+

	
14.7

	
14.7








+: linear positive dependence; -: negative linear dependence; *: derived from real data of the grid area and the corresponding DNO’s cost base (Bamberg, 2017) [22].
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Table 2. Type of building and heating system stock.
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Building Types

	
TH, SFH, MFH






	
Buildings per line meter (L/m)

	
0.04




	
Connection ratio gas grid (L/m)

	
1

	
0.75

	
0.5




	
Gas customers per line meter (L/m)

	
0.04

	
0.03

	
0.02




	
Building age classes

	
B

	
G

	
K

	
B

	
G

	
K

	
B

	
G

	
K




	
Initial heating system (Share of systems in the building collective) *

	
AWHP

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.23

	
0.00

	
0.00

	
0.48




	
GCB

	
1.00

	
1.00

	
1.00

	
0.74

	
0.74

	
0.77

	
0.52

	
0.52

	
0.52




	
OCB

	
0.00

	
0.00

	
0.00

	
0.10

	
0.10

	
0.00

	
0.26

	
0.26

	
0.00




	
PB

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00




	
EDH

	
0.00

	
0.00

	
0.00

	
0.16

	
0.16

	
0.00

	
0.23

	
0.23

	
0.00




	
Heating circuit temperature (forward and return flow in °C)

	
90/70

	
70/55

	
35/28

	
90/70

	
70/55

	
35/28

	
90/70

	
70/55

	
35/28








* We select the technical building equipment options (chimney, heating circuit, hot water production, etc.) corresponding to the building age class and the heating system (see [22] and Table A4).
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Table 3. Influencing factors considered in the sensitivity analysis.*
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	Influencing Factor/Actor
	Subtypes, Definition, and Literature Used for Scenario Generation, Parameter Variation
	Consideration in Sensitivity Analysis (Objective Variable, Scenarios, Input Parameter)





	State regulatory environment/policy (grid regulation see DNO)
	- Taxation and levy systems: e.g., trade tax, CO2 tax, CHP, or renewable resources levy [43,67].

- Energy efficiency constraints for the building heating system or the surface [41,67,68].

- State market incentive and subsidy programs: e.g., for energy-efficiency measures in heating and building retrofit sector [45,46].
	- Objective variable: ----

- Scenarios: One scenario considering the situation in Germany [22]

- Sensitivity parameter: ----



	Grid charge models/policy
	- Energy and/or power-based grid charges or other models [31].

- Exceptions for systemically important facilities: e.g., reduced grid charges for interruptible loads [44].
	- Objective variable: Relative grid charges

- Scenarios: One scenario with yearly energy-based grid charges

- Sensitivity parameter: ----



	Market, technology, and environmental conditions
	- Increased efficiency of existing or new systems: e.g., the COP of electrical heat pumps [20].

- Fluctuations of system or energy carrier prices: e.g., CO2 footprint of the used energy carrier [69].

- Climate and weather conditions in the grid area.
	- Objective variable: ----

- Scenarios: One scenario considering the situation in Germany [22]

- Sensitivity parameter: ----



	Building, use, and ownership characteristics/building
	- Building usage type and socioeconomic characteristics of the owner [70,71].

- Building age class and insulation status of the surface [57].

- Technical building equipment options including the heating system [72].

- Decentralized energy generation: e.g., solar thermal, PV, or CHP systems [34].
	- Objective variable: Relative cumulated yearly energy demand

- Scenarios: Various residential-type building collectives with different demand and customer densities [73]; variation of the interest rate on energy procurement

- Sensitivity parameter: ----



	DNO and grid characteristics/DNO
	- The age of the total fixed assets of the grid [17].

- Grid topology: relationship between the customer number and the grid length [16].

- Cost allocation (CAPEX and OPEX) of the DNO [17].

- Strategy of the DNO [17,22].

- Design of the regulatory mechanisms: e.g., depreciation periods, cost, or price-based regulation, quality benchmarking [17,53].
	- Objective variable: ----

- Scenarios: Two grid age scenarios, where the DNO’s strategy is to maintain the grid age on a stable level

- Sensitivity parameter: Various topology configurations







* The citations are set in relation to the parameterization used in this paper.
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