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Abstract 

The dependency of current high energy performance 

buildings on external energy supply options can further be 

reduced by increasing the building's energetic self-

sufficiency (ESS), up to the level of complete energy 

autonomy. A dynamic techno-financial analysis is carried 

out for different levels of ESS, up to the qualitative 100% 

ESS-level, for a greenhouse residence in Belgium. The 

energy demand, retrieved by means of dynamic whole 

building simulation, is to a large extent covered by on-site 

renewable energy sources (RES), combined with a 

capacity of electrical energy storage which are both sized 

using external scripts. The financial feasibility of the ESS-

variants is evaluated for a variety of both static and 

dynamic pricing mechanisms under three economic 

cornerstone scenarios. The results indicate that increased 

(annual) ESS requires highly oversized on-site RES and 

energy storage options during most part of the year, 

thereby making the investment financially unattractive. 

The hypothesis that the techno-financial feasibility of 

various ESS-levels is highly dependent on the considered 

boundary conditions (e.g. end-use, time and spatial 

boundaries) is furthermore confirmed.  

Key Innovations 

• Dynamic techno-financial feasibility study of 

different levels of energetic self-sufficiency 

(ESS) towards complete energetic autonomy. 

• Dynamic whole building simulation in 

EnergyPlus and external scripts for sizing energy 

storage technologies in relation to different 

levels of ESS.  

• Implications of various -and in the future more 

realistic- energy pricing mechanisms and 

cornerstone scenarios on the financial feasibility 

of the ESS-levels of a building are tested. 

Practical Implications 

Relevant end-use, spatial, economic and time boundaries 

are to be considered in energy-cost assessments, as the 

techno-financial feasibility is highly affected by it. Allow 

energy storage to serve both the building and the energy 

grid towards increased ESS. Programmable energy 

management is a promising solution to raise financial 

attractiveness of increased ESS. A zonal model to 

determine the effects of the greenhouse on the energy 

demand of a building is more accurate than a single zone 

model in EnergyPlus.  

Introduction 

In the last decade, many attempts have been made to 

evolve from traditional fossil fuel-based cities to a built 

environment with an increased share of centralized and 

decentralized renewable energy (Zaid El Bayeh and 

Alzaareer, 2020). Commonly applied renewable energy 

sources (RES) are non-programmable, resulting in a 

large-scale diffusion in the existing power grid that was 

originally designed to deal only with unidirectional power 

flows (Kawajiri et al., 2019; Denholm and Margolis, 

2007). This results in planning and controlling challenges 

(Junker et al., 2018) and has an effect on the stability, 

operational costs and environmental impact (Tumminia et 

al., 2020). Besides the implementation of RES in high 

energy performance buildings (HEPBs), the need to 

properly manage and dispatch energy at the building level 

therefore became crucial (Al Dakheel et al., 2020; Nair 

and Garimella, 2010; Thomsen and Wittchen, 2015). A 

transition is being made to highly efficient buildings that 

consume, store and supply energy (Al Dakheel et al., 

2020). 

The economic context (e.g. energy-pricing mechanisms) 

can function as an incentive to decrease grid-dependency, 

in particular inducing lower electricity usage from the 

grid at times of peak energy demand or when the grid 

reliability is jeopardized (Thomsen and Wittchen, 2015; 

Wang , 2016; Wang Jingyi et al., 2018). Although the 

dynamic of the economic context is expected to have a 

crucial impact on energy-related balances of a building 

(such as energy-cost-balances) and therefore also on 

design decisions, limited studies have investigated its 

effects on HEPB practices.  

Energetic self-sufficient (ESS) buildings are a promising 

solution to reduce the burden of the residential sector on 

the energy grid, especially in a context of dynamic pricing 

mechanisms that encourage building owners to adapt their 

energy injection and demand profiles. In this article, a 

100% ESS building is defined as a stand-alone building 

that does not require connection to the energy grid to 

supply for the energy demand. This is in line with the 

conception of e.g. El-Bayeh et al. (Zaid El Bayeh and 

Alzaareer, 2020). This ESS-building can still be 

connected to the energy grid, allowing it to inject surplus 

energy that is neither stored, nor consumed on-site. 

Intermediate ESS-variants rely partially on the energy 

grid to supply in the energy demand and to provide to a 
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varying extent in DSF (Thomsen and Wittchen, 2015). 

The 100% ESS building is considered an intermediate 

category towards the completely bidirectionally 

disconnected energy-off-grid buildings (Vale and Vale, 

2000). 

In this study, it is investigated whether increased ESS in 

a HEPB is feasible from a dynamic techno-financial 

perspective. A greenhouse residence-HEPB in Belgium is 

used as a case study building, mainly because it already 

has a very high level of ESS, allowing to focus on the 

higher levels of ESS up to the complety energy-

autonomous situation. The energy demand of the building 

is determined by means of whole building dynamic 

energy simulations in Energyplus and external scripts to 

size the on-site energy storage and renewable energy 

production options. The model is calibrated by means of 

measured temperature and consumption data. The impact 

of both static and dynamic energy pricing mechanisms on 

the financial feasability of various ESS-levels under three 

economic cornerstone scenarios is assessed. Three 

different spatial boundaries are explictly considered in the 

analysis, namely the zero-way, one-way and two-way grid 

context, which refers to the zero-, uni- or bi-directional 

energy flows between the building plot and the energy 

grid.  

Description of the case study 

This examined standalone, single family house in a 

greenhouse -or greenhouse residence- (Figure 1) is 

situated in Belgium and was completed in 2018. It is a 

circular, bio-ecological HEPB that has a high ESS-level 

(Kaseco, 2020), complies with and goes beyond the 

Flemish 2020 requirements (Flemish Government and 

(VEA) Flemish Energy Agency, 2020). The house 

consists of three stories, two of which are enclosed by a 

greenhouse (namely the superstructure) and one, the 

lowest floor (namely the substructure), which is partially 

buried and at one facade exposed to outdoor conditions. 

 

Figure 1: Model of the greenhouse residence, Belgium.  

The greenhouse structure provides a microclimate around 

the building and the ground functions as a thermal buffer. 

The glass construction consists of single float glass (4 mm 

thickness) and prevents direct contact with the outdoor 

environment. The air exchange rate between the 

greenhouse and the outdoor environment is high. The 

greenhouse  has operable windows at the top that open 

automatically when the temperature in the greenhouse 

exceeds 25°C, allowing for natural ventilation. The heat 

transmittance of the construction elements that are part of 

the building’s envelope are presented in Table 1. 

Table 1: Heat transmittance of the building envelope (LoREG= 

Local EPBD- Regulations). 
  Construction 

element 
U-value 

[W/m²K] 
U-values LoREG 

[W/m²K]  

Super- 
structure 

Walls  0.15 0,24 

Roof 0.13 0,24 

Windows 0.70 1,1 

Floor 0.20 0,24 

Sub- 
structure 

Walls  0.20 0,24 

Roof 0.13 0,24 

Windows 0.70 1,1 

Floor 0.21 0,24 

The substructure is heated using underfloor heating, 

connected to a boiler that is supplied by an air-water heat 

pump (ClimaSense, 2020) with a capacity of 13,9kW. The 

outdoor unit (Daikin, 2020c) of the heat pump is placed 

on the roof of the building, inside the greenhouse. During 

summer months, the boiler is assisted by 6 m² HP24 solar 

collector. The boiler supplies the domestic hot water 

(DHW) needs. The superstructure is provided with heat 

(during winter months) and cooling (during summer 

months) by two air-to-air heat pumps (Daikin ;2020b)), 

both of which having one mutual outdoor unit (Daikin 

;2020a) outside the greenhouse. To supply for the 

electricity demand of the building, 107,52m² 

monocrystalline photovoltaic (PV) panels (with 125 Watt 

peak) have been installed. The inverter has an efficiency 

of 98%. The installed saltwater batteries (Bluesky Energy, 

2020) decrease the mismatch between energy production 

and consumption and have a capacity of 20kWh. A 

ventilation system D with heat recovery is furthermore 

installed. The number of occupants varies from 2 to 7 

every other week. A local weather file was generated for 

the specific location of the building, based on the 

information of Dark Sky (Apple Inc., 2020) and Solcast 

(Solcast, 2020). The collected data is converted into a 

weather file by means of Elements (Big Ladder Software 

LLC, 2019).  

Methodological choices 

The building’s energy-cost is qualitatively defined, based 

on the final annual energy balance, supplemented with the 

investment- and replacement cost of energy systems that 

supply the energy demand. The total energy demand in 

this study, is characterized by heat and electricity as an 

energy carrier. The on-site components are physically 

located on the building plot, thus considered to be situated 

in, on, under or adjacent to the building. The final energy 

needs include all building related end-uses (including 

plug loads, DHW, heating and cooling, ventilation, 

auxiliary and lighting energy). The embodied energy is 

excluded from the balance and no electric mobility is 

used. As the analysis of the ESS of the building is 

sensitive to the considered time resolution (Tumminia et 

al., 2020; Wright et al., 2014; Widén et al., 2010; 

Hoevenaars and Crawford, 2012; Cao and Sirén, 2014), a 

detailed sub-hourly analysis with time steps of a quarter 

of an hour is conducted. This implies that all other 

parameters, such as the applied dynamic energy tariffs 

require the same granularity. The time span of the 

calculations in this study varies from a mere annual 
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balance to the investment and operational balance over a 

time span of 25 years. The final energy-cost-balance of 

the building is assessed by means of simulations in 

EnergyPlus and calibrated with measured temperatures 

and energy consumption data, according to the method 

that is described by Gucyeter and Ruiz et al (2018; 2017). 

The calibration of the weekly energy consumption by the 

heat pumps and total energy consumption is based on the 

comparison of the normalized mean bias error (NMBE) 

and the coefficient of variation of the root-mean-squared 

error (CV(RSME)) to the measured and simulated data 

and compared to the acceptable weekly benchmarks (in 

this paper considered as the average between the hourly 

and monthly calibration period as described in the 

ASHRAE Guideline 14-2002 (Ruiz et al. (2017)). The 

load calibration was conducted from the 19th of January 

until the 9th of February and from the 22th of February 

until the 4th of March. The data measurement ran an error 

between the 9th of February and the 22th of February, 

explaining the short interruption of two weeks. The zone 

temperatures were calibrated for the month of July 

according to the same method, however, with hourly 

granularity and compared to the hourly benchmarks of 

Ruiz et al. (2017).  

Thermal stratification 

Traditional energy -and load calculation procedures in 

EnergyPlus assume room air that is well mixed within one 

zone (Griffith and Chen, 2011), which is an 

oversimplification for non-uniform large spaces with 

thermal stratification (Lu, Dong, and Liu, 2020), e.g. 

inside the greenhouse. Modelling the behavior of the 

thermal airflow-coupled phenomena that occurs in large 

open spaces requires additional attention.  

To better distribute the non-homogeneous zone air 

temperature, three models are often used: computation 

fluid dynamics (CFD) models, zonal models and the 

multi-zone models (Yu, Megri, and Jiang, 2019). CFD 

models have the highest accuracy and can be coupled to 

EnergyPlus  to simulate the room airflow in these large 

spaces (Lu, Dong, and Liu, 2020; Griffith and Chen, 

2011). These CFDs are in practice time-consuming and 

resource-intensive to use (Lu, Dong, and Liu, 2020). A 

multi-zone model uses the rooms as its minimum 

computational units and is therefore constraint by 

physical existing boundaries, whereas in zonal models, 

these rooms are divided into several subzones (Yu, Megri, 

and Jiang, 2019) and are thus defined by physically non-

existing boundaries. According to Yu et al., (2019). zonal 

models could be a good substitute for single or multi zone 

models in building energy simulation (taking the current 

development of the computer techniques and the 

unpopularity of time-consuming simulation into account). 

The multi-zone models have the lowest complexity, 

computational time and level of accuracy (Lu, Dong, and 

Liu, 2020). 

The temperature differences inside the greenhouse 

between the greenhouse, simulated as a zonal model and 

as a single-zone model, were compared to measured 

temperature data for several positions in the greenhouse 

for the period between the 1st and the 26th of July. In the 

zonal model, the greenhouse zone is divided into 9 

subzones (Figure 1), consisting out of an upper zone, a 

neutral zone and a lower zone to identify the stratification 

effect. Distinction was furthermore made according to the 

orientation as the measured temperatures indicated 

significant differences at the various orientations within 

each of the vertical zones.  Air and heat exchange between 

these zones is possible and the zone’s boundaries are 

negligible. The zonal model, as developed in this paper, 

showed a higher correlation with the measured data, 

compared to the single-zone model. Therefore, the zonal 

model was used to simulate the effect of the greenhouse 

on the operational energy balance of the building, thereby 

introducing more dynamics than the single-zone model. 

In further research, a plume-zone could be added to the 

presented 9 zones-zonal model in this study, as suggested 

by Yu, Megri, and Jiang (2019).  

Energetic self-sufficiency variants 

The increased ESS in this article is obtained through a 

combination of on-site RES (wind turbines and PV-

panels) and battery storage (Table 2). The selection of 

RES is as such that they provide an extension of the 

already applied RES in the building (which are 

furthermore often applied in HEPBs, (Xiaodong Cao et 

al., 2016)). The REF-variant -or the building in its original 

state- has an ESS-level of 60,5%. The other ESS-variant’s 

names refer to the level of ESS that is qualitatively 

achieved (e.g. ESS65 means 65% of the amount of 

demanded energy is covered by local RES) over time. The 

additional REF’-scenario is defined by the building 

without a greenhouse around it and with an overall 

increased insulation thickness of 15 cm and has an equally 

large ESS-level to the REF-variant. Apart from the REF’-

variant, no adjustments are made to the building shell to 

obtain the ESS-variants. Neither thermostatic settings nor 

the consumption patterns are changed. Building 

occupants do not compromise on their indoor air quality 

and thermal comfort levels when shifting from one variant 

to another. 

Table 2: Overview of the measures of the various ESS-variants. 

 
The energy demand of the REF-building, retrieved in 

EnergyPlus, is used to determine the required amount of 

PV-panels, micro-wind turbines and battery capacity for 

each ESS-variant. The selection is made by means of 

external scripts that prioritize variants with minimal 

investment costs and maximum increase in ESS. The 

lower levels of ESS experience a large impact on the ESS-

level by slightly increasing the amount of RES- and 

battery storage capacity. Hybrid wind turbines (Etneo, 

2020) are installed on the building plot, outside of the 

greenhouse. The amount of PV panels is physically 

restricted to 287m². The space, required to install the 

additional battery capacity, is assumed to be physically 

unrestricted. The additional number of PV-panels and the 

REF REF' ESS65 ESS70 ESS75 ESS80 ESS85 ESS90 ESS95 ESS100

Greenhouse X 0 X X X X X X X X

Increased insulation 0 X 0 0 0 0 0 0 0 0

PV [m²] 108 108 133 195 259 195 287 271 239 287

Wind 0 0 0 0 0 1 1 2 3 5

Battery [kWh] 20 20 20 20 20 20 30 20 27,5 80
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saltwater batteries are of the same brand and type as the 

ones that were already applied in the REF-case. The 

electricity storage solely serves the building and can 

neither charge from, nor discharge to the grid. When the 

battery is already fully charged with excess, on-site 

produced renewable energy, renewable energy is directly 

injected into the energy grid.  

The initial investment costs for the different variants are 

presented in Table 3. The invertor is replaced every 10 

years and the batteries every 15 years (Bluesky Energy, 

2020). Maintenance costs and required replacements 

under the expected life span of the measures are 

eliminated by including them in the warranty. The 

residual value of the replaced installations is assumed to 

be zero. A stimulus is included in the financial evaluation, 

corresponding to current local incentives for installing 

home batteries (250 euros/kWh with a maximum of 3200 

euros/kWh  (Vlaamse Overheid, 2020)) and heat pumps 

(in this article, 1500 euros per heat pump (Fluvius, 2020)). 

Table 3: Additional initial investment costs (in euro) for every 

considered ESS-variant, compared to the REF-case.   

  
The variants are analysed in a one-way grid (where 

purchasing energy from the grid is possible and excess on-

site produced energy cannot be injected into the energy 

grid) and two-way grid context (where injection of 

surplus energy into the grid is possible, as well as 

purchasing energy from the grid).  

Energy tariff structures 

Cost calculation and projections with many assumptions 

and uncertainties should be carried out in combination 

with a sensitivity analysis to evaluate the robustness of the 

parameters (European Commission, 2012). Four time-of-

use (TOU) pricing tariffs (tariff A, B, C and D) reflect the 

average residential consumption profile, fluctuate 

throughout the day and are adapted from a pilot project 

with smart residential meters of the Irish Commission for 

Energy Regulation (CER, 2012). Scenarios A, B, C and D 

are identical, except from the factor that modifies the price 

rise or fall and are highest between 5 p.m. and 7 p.m., 

when energy consumption is highest. 
Table 4: TOU-tariffs, adjusted from (Pallonetto et al., 2016 and 

CER, 2012). 

Time Tariff per variant [€/kWh] 

A B C D FLAT 

00:00 – 08:00 0,26 0,24 0,21 0,19 0,29 

08:00 – 17:00 0,30 0,29 0,28 0,27 0,29 

17:00 – 19:00 0,43 0,56 0,69 0,82 0,29 

19:00 – 23:00 0,30 0,29 0,28 0,27 0,29 

23:00 – 00:00 0,26 0,24 0,21 0,19 0,29 

12 Additional dynamic, critical-peak pricing structures 

(Table 5) are set up according to the time-of-production 

(TOP) by RES-type(s) (wind and/or PV energy) on the 

electricity grid  (Elia Group, 2020). The highest energy 

prices for import of energy from the grid are met at times 

of low PV and/or wind energy production on the grid. The 

energy price decreases in line with increased availability 

of the considered renewable energy source(s) and reaches 

a minimum at renewable peak production times on the 

grid. This indirectly results in 12  weather (wind/solar 

radiation) -dependent pricing tariffs (Table 5). Negative 

prices represent the reward for buying electricity from the 

grid and the penalties for selling excess energy to the grid. 

In the WIND+PV-tariff, wind energy has a larger share, 

compared to PV-energy, conform the data that was 

retrieved from (Elia Group, 2020).  
Table 5: Weather-based, critical-peak pricing electricity tariffs. 

 

The additional PRESENT tariff is a projection of the 2020 

energy tariff structure in Belgium. The variants in which 

excess energy is sold to the grid, are characterized by a 

reversing energy-consumption meter. This energy-

consumption meter reverses when on-site excess energy 

is sold to the grid up to a net minimum of zero energy. 

The selling price of excess energy to the grid amounts 

25% of the energy purchase price (Infogram, 2020). The 

annual prosumer fee is introduced as a fee for two-way 

grid services. This fee is calculated, based on the installed 

capacity of the RES’ inverter, in accordance with the 

methodology described by (VREG, 2020). Note: in this 

article, the formula to determine the prosumer tariff is not 

restricted by the conversion capacity, in contrast to the 

Belgian prosumer fee described by VREG (2020).  

Considered economic cornerstone scenarios 

A life cycle cost analysis (LCCA) is conducted, based on 

the net present value (NPV) (in line with M. Almeida and 

M. Ferreira (2017); V. G.  Gianluca et al. (2012) and 

European Commission (2012)). The economic feasibility 

of the proposed variants is tested under three different 

economic scenarios (Table 6), which are based on the 

research of Bonakdar et al. (2014). The business-as-usual 

(BAU) scenario represent the purely commercial, short-

term approaches to the valuation of the investment. The 

sustainable development scenario (SD) encourages cost-

efficient adjustments to the building and its system. A 

third scenario represents the intermediate variant (IM). 

The uncertainties about future energy price developments 

and the discount rates are considered, in line with the 

delegated regulation of the European Commission (2012). 

The here presented energy price development trends are 

based on the predictions of the Belgian Federal Planning 

Office (2020). 

Variants ESS65 ESS70 ESS75 ESS80 ESS85 ESS90 ESS95 ESS100

PV [m²] 5.936 21.244 36.864 21.234 43.737 39.988 32.178 43.737

Inverter 2.076 2.489 2.566 2.489 2.566 2.566 2.498 2.566

Wind turbine 19.965 19.965 39.930 59.895 99.825

Battery 13.610 11.373 59.384

Stimulus -2.500 -1.875 -3.500

Total 8.012 23.733 39.430 43.688 77.378 82.484 104.069 202.012
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Table 6: Considered scenarios for the determination of the 

financial feasibility of the ESS-variants.  

Results 

The share of on-site produced renewable energy that is 

consumed, stored and sold (in a two-way grid) or is 

unused (in a one-way grid) is presented in Figure 2 and 

remains unchanged within each economic scenario and 

pricing mechanism, as the consumption, production and 

storage profiles are not programmed and optimized to 

coincide most-profitable injection and purchase moments. 

The graph shows that large quantities of the energy are 

sold to the energy grid in the two-way grid scenario, 

especially for variants with high ESS-levels (reminder: 

this yields no financial gains in the one-way grid context). 

 

Figure 2: Ratio of on-site stored (and later on-site consumed), 

on-site consumed and sold (injected to the grid) energy. 

The annual operational energy-cost (AOEC) of the 

variants in the considered pricing mechanisms and two-

way grid context are presented in Figure 3. The AOEC of 

some variants is strongly negative, caused by the large 

amount of on-site produced electricity that exceeds the 

energy demand of the building, cannot be stored and is 

sold directly to the grid. The negative AOEC is 

furthermore caused by an increased self-consumption 

through battery storage. Installing PV-panels was favored 

among the RES-options, as a slightly larger amount of 

PV-panels resulted in a smaller increase of the investment 

cost, compared to the wind turbines. This resulted, 

however, in higher annual energy-costs in PV-TOP-

pricing scenarios in a two-way grid context as they are 

penalized for putting large amounts of solar energy on the 

grid at times of solar energy peak-production, especially 

in high ESS variants (with a large PV-installation) and for 

the variants with low battery capacity. The AOEC of these 

ESS-variants is lower under the WIND-TOP-pricing 

scenarios. The differences in annual energy-costs of the 

ESS-variants are lowest in the PRESENT-tariff structure, 

caused by the lack of rewards for injected energy into the 

grid. This stresses the importance of assessing the energy 

technology options in various economic contexts towards 

more robust decisions. However, many dynamic 

assessment tools are not yet fully equipped to conduct 

these analyses. Figure 4 presents the NPV that is related 

to investments and a consecutive operational phase of 25 

years (here referred to as life cycle cost (LCC)) for all 

variants under the variety of pricing mechanisms and 

under the SD scenario in a two-way grid context. The 

average NPV for all ESS-variants under each considered 

tariff structure is furthermore illustrated for both the one-

way and two-way grid context within the three economic 

cornerstone scenarios (BAU, IM and SD). Overall, the 

lowest LCC is obtained in the SD scenario, followed by 

the IM and BAU-scenarios. Variants in a one-way grid 

context have a lower NPV, compared to the variants in a 

two-way grid context. An exception on the latter are the 

variants that are penalized for injecting on-site produced 

PV-energy into the grid under the PV-pricing mechanism 

during PV-peak-production times. The negative NPV of 

the LCC for all variants under each pricing mechanism, 

economic scenario and grid context indicates that 

investments are financially not attractive for the investor. 

Exceptions are found in the two-way grid context under 

the SD-scenario for the ESS75 -and ESS70-variants under 

WIND-related pricing mechanisms and ESS65 under the 

PRESENT tariff in the SD scenario. The low NPV of the 

ESS85-variant is visible in every economic scenario and 

related to the sudden increase in investment cost for the 

introduction of extra battery capacity in comparison to the 

ESS80 and ESS90 variants. The ESS90 variant is 

financially more attractive, compared to the ES85 variant, 

caused by the low increase in investment cost to obtain a 

5% increase in ESS compared to the ESS85-variant. The 

financial feasibility in a 25 year-context of the ESS65-

variant is most robust in all considered economic 

contexts. Sizing the RES and storage technologies, based 

on peak demands -solely required and done in the 

ESS100- clearly confirms that it is not efficient to 

dimension the system on the basis of peak demand. 

It can be concluded that an increased ESS of the building 

results in a higher LCC, compared to the REF-case if the 

energy technology patterns are neither controlled, nor 

optimized. Increased ESS is financially more attractive in 

case the spatial -and economic boundary conditions are 

favorable (allowing to sell excess energy to the grid in a 

profitable manner, within a context of low discount rates 

and high yearly energy price increases).  

Discussion 

The considered boundary conditions for the determination 

of the final energy-cost balance strongly influence the 

techno-financial feasibility of the ESS-variants 

(Verhaeghe, C. et al., 2021). The economic variables in 

this article relate to the energy pricing mechanism, the 

yearly energy price increase and the discount rates. The 

energy pricing mechanism plays an important role in the 

operational energy-cost and thus the profitability of the 

ESS-variants. High discount rates and low energy prices 

are overall least favorable to invest in increasing the ESS 

of a building. The techno-economic analysis does not 

consider changes in investment cost during the analyzed 

period. The investment costs have however a large impact 

on the financial feasibility of the measures for increased  

ESS. Variation in the time span over which the final 

energy cost is balanced  (e.g., annual vs. LCC) has a large 

impact on the financial feasibility of increased ESS. 

Considering a low time resolution for the calculation of  

the final balance, results in the risk of underestimating the
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proportions of both energy import and export (Wright and 

Firth, 2007; Tumminia et al., 2020).  Input data for the 

LCC analysis (e.g., granularity of dynamic energy tariffs) 

should correspond to the time steps of the dynamic 

analysis. Energy management capacity is explored in the 

LCC analysis. The dynamic techno-economic analysis 

allows to conclude that the strategy, presented in this 

article, to increase the ESS of the building is not 

sufficiently holistic to result in overall techno-financial 

attractive solutions within the analysed energy 

landscapes. Optimized energy management over time 

becomes increasingly important. In further research, the 

energy storage will not only serve the building, but also 

the energy grid by adapting the discharge moments to 

both the peak-production -and consumption periods on 

the energy grid. This is expected to decrease penalties for 

injecting on-site produced, excess energy on the grid at 

peak-production times and increasing the revenues by 

injection during periods of low energy production. An 

additional promising solution in this sense is to include 

electric mobility in the on-site energy storage options by 

adapting the considered spatial boundaries in the analysis. 

Moreover, programmable RES could be a suitable 

auxiliary measure to increase ESS, without burdening the 

energy grid (Tumminia et al., 2020; Mehrpooya et al., 

2019; Elmer et al., 2016). The energy consumption 

profiles of the building can be optimized further, e.g. by 

means of signals that are broadcast by the energy 

distributors or transmission system operators, grid-

friendly controllers, etc. (Palensky and Dietrich, 2011). 

The investment and replacement costs have a significant 

impact on the final techno-economic feasibility. Energy 

independence could therefore techno-economically 

become more interesting when the cost is shared between 

various building owners, for instance by adapting the 

spatial boundaries in a manner that renewable energy 

production and storage facilities can be shared on a small 

district scale. The small district could function as a 

community of smaller generation units that appear as one 

power plant to the grid management (Palensky and 

Dietrich, 2011; Webb, 2010). Techno-economic uncertain 

parameters, such as the investment cost and efficiency of 

the measures over the considered time span, are therefore 

expected to have an important influence on the financial 

feasibility of increasing the ESS-level of the building. It 

may be more appealing to delay investments, by 

designing the building to adapt to the renewable energy 

production and storage technologies in the future; when 

the techno-economic context is more suitable (e.g. when 

energy prices are higher, investment costs are lower, or 

stricter environmental regulations are in place). This will 

be further investigated in follow-up research. 

Conclusion 

Various levels of increased ESS in a high energy 

performance building were assessed from a techno-

economic perspective, in three economic cornerstone 

scenarios and under various energy pricing tariff 

structures. Increased ESS is obtained by increasing the 

number of PV-panels and wind turbines, combined with 

increased storage capacity in saltwater batteries that serve 

the building. The technical equipment, functionality of the 

Figure 3: The annual  operational energy-cost for every considered variant within each pricing mechanisms (REF=reference 

scenario, ESS= energetic self-sufficiency, REF’= alternative scenario without greenhouse and with additional insulation). 

 

Figure 4: The NPV of the investment, replacement and operational cost over a time span of 25 years for all considered ESS-variants 

within each proposed pricing mechanism in the SD-scenario, featuring a two way grid by means of clustered columns (with axis on the 

left side of the graph). The impact of the IM and BAU-scenarios for both the one-way and two-way grid is illustrated by means of the 

average of all considered variants within each pricing mechanism (indicated with connected dots, axis on the right side of the graph).  

(NPV= net present value, SD=sustainable development scenario, IM=intermediate, scenario, BAU=business-as-usual). 
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batteries and RES in this article do not allow building 

owners to sufficiently manage their energy demand, 

production, injection and storage profiles. The ESS-

variants require highly over-dimensioned renewable 

energy installations to cover for the high energy demand 

during only small periods of the year. Large quantities of 

excess renewable energy, especially of PV-origin, are 

neither consumed nor stored, but directly injected into the 

grid during the rest of the year. This results in critical 

peaks on the electricity grid and lost financial incentives. 

The techno-financial attractiveness of increased ESS is 

higher in a two-way grid context, compared to a one-way 

grid context. The zero-way grid context1 is least attractive 

in this study.  

Simple rules of thumb to size RES and energy storage 

options are not suitable to make future-proof design 

decisions towards increased ESS, as the dynamics of 

energy demand, generation, storage and injection flows 

and the interaction with the economic context, such as 

energy pricing mechanisms, have an important effect on 

both the techno- and financial feasibility of the ESS-

levels. Assessing the ESS variants in a dynamic manner, 

proved to be a rather cumbersome procedure, coupling 

EnergyPlus models to external scripts. The need exists for 

decisions makers to be equipped with holistic, dynamic 

techno-economic (e)valuation models to avoid over-and 

under investments. Important for such tools, is to take all 

relevant boundary conditions (e.g. time, spatial and 

economic boundaries) into consideration, as their impact 

on the financial feasibility of measures to increase the 

ESS of a building proves to be high. Dynamic energy 

simulation software should be tailored further to account 

for economic uncertainty and are expected to be of 

increasing importance in current and future optimization 

strategies. 
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