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Abstract 

This paper deals with the influence of assumptions 

regarding primary energy conversion factors in façade 

design optimisation studies, as  a way of incorporating the 

effect of changes in the future electricity mix. A method 

for exploring the impact of these uncertainties using 

scenario analysis combined with weather data is 

presented. The method is applied in a case study that 

explores the selection of glazing and automated solar 

shading solutions for optimal trade-offs between the 

admission of daylight, visual comfort, energy 

performance and total life cycle costs.  

Key Innovations 

• Demonstrates the importance of addressing 

uncertainties in primary fossil energy factors for grid 

electricity in façade design optimisation.  

• Presents a method for quantifying this uncertainty 

using scenarios of the future grid electricity mix.  

Practical Implications 

The prevalent use of site-to-source conversion factors for 

grid consumed electricity in façade design optimisation, 

that are based on current grid characteristics, does not 

guarantee future-proof design solutions.  

The method identifies façade solutions that perform well 

in a large variety of scenarios and matches the availability 

of information, time, and skill in early-stage optimisation.  

Introduction 

Decision-making in façade design requires balancing of 

various competing performance aspects, including visual 

comfort, daylighting performance, thermal comfort, 

investment and operational costs and CO2 emissions 

(Huang and Niu 2016, Kuhn 2017). A key consideration 

in façade design is the way the admission of solar energy 

through windows is managed using glass coatings, solar 

shading devices and the dimensioning of windows (Jin 

and Overend 2014, Kuhn 2017, Atzeri et al. 2018).  These 

solar control solutions influence heating, cooling, and 

lighting energy demands and the effects of a façade design 

on overall energy performance therefore strongly depend 

on the efficiency with which HVAC systems fulfil these 

energy demands using different energy carriers for end-

use consumption.     

Early stage optimisation studies enable designers to 

identify glazing and solar shading solutions that offer 

beneficial performance trade-offs. In performing such 

optimisation studies, practitioners inevitably have to 

make a great number of assumptions related to aspects 

such as cost parameters, yet undecided HVAC systems, 

and the carbon intensity of grid electricity and other fuels 

(Jin and Overend 2014, Atzeri, Gasparella et al. 2018).  

A commonly applied approach for assessing the 

environmental impacts associated to building electricity 

consumption, is to simulate the building’s end-use 

electricity consumption and multiply this by an average 

carbon intensity or primary fossil energy factor (PEFnonRE) 

that represents the site-to-source efficiency across a year 

for a particular geographical area (Jin and Overend 2014, 

Atzeri, Gasparella et al. 2018, de Vries et al. 2021). This 

approach works fine in a context where electricity is 

predominantly generated from fossil fuels. It is, however, 

much less suited in situations where electricity is 

generated using fuels of varying carbon intensity or 

intermittent renewable sources (Cubi et al. 2015, Magni 

and Ochs 2020, St-Jacques et al. 2020). In such a context, 

the carbon intensity of consumed grid electricity depends 

greatly on the time-of-use. Additionally, buildings that are 

designed today, are likely to experience significant 

changes associated to the current energy transition 

ambitions of many European countries. Such buildings 

will experience changes in the characteristics of the 

electricity grid that services them in the coming decades 

and might undergo electrification of heating systems.  

The goal of this research is to assess the importance of 

addressing the uncertainty regarding the future grid load 

and source composition in the context of early-stage 

façade design. Additionally, this research investigates 

how the electrification of heating systems influences 

optimal design outcomes. These topics will be 

investigated using the selection of glazing and automated 

solar shading systems as a case study where time-of-use 

dependent conversion factors, and uncertainty analyses 

will be used to address the unknown characteristics of the 

future electrical grid.  

Methods have been proposed for deriving hourly emission 

factors, representative for the current characteristics of 

grid regions, from measured grid load and generation data 

(Cubi, Doluweera et al. 2015, St-Jacques, Bucking et al. 

2020). These methods, however, do not directly provide 

insight into the performance of different building designs 

when the grid load and source composition of the 

electricity grid changes in the future. Ochs and 

Dermentzis (2018) proposed an approach for developing 

________________________________________________________________________________________________

________________________________________________________________________________________________ 
Proceedings of the 17th IBPSA Conference 
Bruges, Belgium, Sept. 1-3, 2021

 
199

 
 

https://doi.org/10.26868/25222708.2021.30411



 

 

monthly PEFnonRE, representing possible future electricity 

grid scenarios, using estimated grid load and generation 

curves together with assumptions regarding the source 

composition of the annually produced electricity in these 

scenarios. The approach lead to different decisions in the 

selection of cost-optimal building technologies for 

reducing primary non-renewable energy consumption 

(Ochs and Dermentzis 2018, Magni and Ochs 2020).  

This research extends the method proposed by Ochs and 

Dermentzis (2018) to develop time-varying PEFnonRE 

profiles on the basis of the weather data used for building 

performance simulation. The method is developed to:  

• Establish realistic connections between the time-

varying PEFnonRE and the weather data that is used in 

the building performance simulations. 

• Be suited for the early stage façade design context 

where there is little time available for detailled 

systems modelling, there is a lack of detailled 

information regarding energy systems and where 

practitioners are not subject matter experts on the topic 

of the local electricity grid.  

• Reflect the range in expected energy performance 

associated to the uncertainty regarding the load 

characteristic and source composition of the future 

electricity grid.  

The aim of this method is not to give a detailed and 

accurate description of the interactions between a 

particular building design and the electricity grid in a 

specific scenario. Rather, the method is primarily used in 

this research to explore the importance of addressing the 

uncertainties regarding future electricity grid 

characteristics. Additionally, the method can be used to 

identify robust design solutions.  

Methods 

The case study 

  
HG-Int: High solar gain 

glazing, coating pos.2, 

interior shading 

HG-Ext: High solar gain 

glazing, coating pos.3, 

exterior shading 

 
SC-Int: Solar control glazing, coating pos.2, interior 

shading 

Figure 1 The investigated glazing and solar shading 

configurations.  

Overall fenestration system performance greatly depends 

on the interaction between the glazing and the solar 

shading system. Important factors are the type of glass 

coating that is used, its position inside the glazing system, 

the solar reflectance and transmittance of the shading 

device, and its position relative to the glazing system.  

Three alternative configurations will be evaluated (Figure 

1), solar control glazing (SC-Int) in combination with a 

metallised interior shading system; high solar gain glazing 

(HG-Int) combined with a metallised interior shading 

system; and high solar gain glazing (HG-Ext) combined 

with a non-metallised exterior shading system. All 

shading fabrics have an identical visual and solar 

transmittance. The three alternatives each offer distinct 

thermal and visual properties and differ in their associated 

costs for investment and maintenance (Table 2). 

Table 1 Investigated automated solar shading strategies 

Shading strategy Control approach 

Conventional  

roller blind 

(BL: Baseline) 

Down if Ig;v > 200 W/m2 else up 

Down if Ev  > 6400 lux else up 

Sun tracking vertical 

blinds (STVB) 

Op-Mn, always reflecting 

Op-Mx-Mn, always reflecting  

Op-Mx-Mn, reflect if morning 

Two types of automated solar shading control algorithms 

will be investigated: a roller blind automated using a 

conventional concept, titled the baseline (BL) system, and 

a more advanced sun tracking vertical blind (STVB) 

system. In the BL alternative, the shade is fully raised or 

lowered in response to a sensor threshold. In the STVB 

system, a set of vertical blinds are operated in relation to 

the sun’s position and indoor daylight conditions (Figure 

2) measured using an indoor illuminance sensor (Ev). For 

both the STVB and the BL strategies, multiple variations 

to the main control approach will be tested (Table 1 and 

Table 3). In these variations, control settings are adjusted 

to admit more or less daylight. 

 

Figure 2 Parameters used in the sun tracking vertical 

blind strategy. γ:solar azimuth, WNγ: Window normal in 

terms of γ, VPPA: Vertical projection profile angle. 

The different glazing and solar shading solutions are 

combined in the design space shown in Table 4. The 

advanced STVB strategy is only included as an internal 

shading device because this strategy requires fine-tuned 

blind actuations that are difficult to achieve with exterior 

shading devices. In the design space, two additional 

alternatives are included that are identical to the two 

exterior shading options but do not include daylight 

dimming artificial lighting (noDD). 
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Table 2 Investigated alternatives for glazing and the position of the solar shading devices 

Glazing 

types 
SHGC Tvis 

Investment 

[€/m2
facade] 

Lifespan 

[y] 

Type of 

shading 
SHGC Tvis 

Investment 

[€/m2
facade] 

Maintenance 

[€/y∙m2
facade] 

Lifespan 

[y] 

HG P2 0.60 0.82 40 50 
Interior, 

Rs:80% 
0.19 0.01 

BL:70, 

STVB:80 
4 12 

HG P3   0.62 0.82 40 50 
Exterior, 

Rs:55% 
0.06 0.01 BL: 166 8 20 

SC P2   0.31 0.7 70 50 
Interior, 

Rs:80% 
0.11 0.01 

BL:70, 

STVB:80 
4 12 

 

 Table 3 Possible control modes and corresponding pseudo code for the STVB strategies 

Open (Op) control mode Maximally (Mx) opened sun tracking Minimally (Mn) opened sun tracking 

 

  

If Ev < 6400 lx Or  

VPPA > (WNy - 90):  

    Activate Op 

If Ev ≥ 6400 lx And  

VPPA ≤ (WNy - 90):  

    Activate Mx 

If Ev ≥ 30000 lx: 

 

    Activate Mn 

If γ ≤ WNy:  

    bRA = 180 

Else:  

    bRA = 0  

If γ ≤ WNy:  

    bRA = 90 + 2 ∙ VPPA 

Else:  

    bRA = 90 - 2 ∙ VPPA 

If γ ≤ WNy:  

    bRA = 90 + VPPA 

Else:  

    bRA = 90 - VPPA 

 

Table 4 The investigated façade design space combining the different glazing and solar shading control alternatives 

Glazing + shading Shading control 

 Sun tracking vertical blinds Conventional 
 

Op, Mn, Reflect 

always 

Op, Mx, Mn, 

Reflect always 

Op, Mx, Mn, 

Reflect if morning 

Baseline:  

Ig;v > 200 W/m2 

Baseline:  

Ev  > 6400 lux 

HG P2,  

Internal fabric  
S.1-STVB-OpMn-

RA-HG-Int-DD 

S.2-STVB-

OpMxMn-RA-HG-

Int-DD 

S.3-STVB-

OpMxMn-RM-

HG-Int-DD 

S.4-BL-200W-HG-

Int-DD 

S.5-BL-6400lx-HG-

Int-DD 

SC P2,  

Internal fabric 
H.1-STVB-OpMn- 

RA-SC-Int-DD 

H.2-STVB-

OpMxMn-RA-SC-

Int-DD 

H.3-STVB-

OpMxMn-RM-SC-

Int-DD 

H.4-BL-200W-SC-

Int-DD 

H.5-BL-6400lx-SC-

Int-DD 

HG P3,  

External fabric 
   P.4-BL-200W-HG-

Ext-DD 

P.5-BL-6400lx-HG-

Ext-DD 

HG P3,  

External fabric  
   C.4-BL-200W-HG-

Ext-noDD 

C.5-BL-6400lx-

HG-Ext-noDD 

 

Table 5 Costs and expected lifetime for economic 

performance assessment 

 Table 6 Uncertainty and variability ranges for economic 

parameters 

 Costs  Lifetime   Min Median Max 

Light dimming: 12 €/m2
floor 20 yr.  Uncertainty ranges for 

energy costs: 
80% 100% 120% 

Sizing dependent 

HVAC costs:  

518 €/kW 30 yr.  
Annual discount rates: 2% 3% 4% 

Av. Electricity price: 0.23 €/kWh   Range of variability for 

investment costs: 
90% 100% 110% 

     Range of uncertainty for 

lifetime: 
90% 100% 110% 

Av. gas price: 0.58 €/nm3   
Based on: Magni and Ochs (2020) 

Revenue: 50000 €/year   
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The reference office 

A typical cellular office space is assumed (Figure 2) that 

is based on the IEA SHC Task 56 reference office for 

evaluating building integrated solar envelope systems. 

The south facing office is highly glazed (80% window to 

wall ratio) and is assumed to be in the Netherlands. 

Hourly weather data for Amsterdam from the IWEC 

database (ASHRAE 2001) is used. More details regarding 

the office building can be found in D’Antoni et al. (2019). 

Performance aspects and indicators 

The performance aspects of interest in the case study are 

visual comfort, daylight quality, energy efficiency and 

economic costs and benefits. Daylighting performance is 

operationalised using sDA300lx/50%. Visual comfort is 

approached as a lack of discomfort quantified using 

daylight glare probability simplified, abbreviated as 

DGPs (Wienold 2009). As a performance indicator, the 

fraction of occupied time with at least ‘disturbing’ glare 

(DGPs ≥ 0.4) is used. A distinction is made between two 

viewing directions: one where the occupants are looking 

towards the window at 45 degrees (DGPs0.4;exc.;45deg) and 

one where the occupants are facing a sidewall 

(DGPs0.4;exc.;0deg). For each viewing direction, two seating 

positions are used: one facing east and one facing west. 

At each time step, the maximum DGPs value of both 

positions is used.  

Table 7 The two investigated HVAC system alternatives 

based on: Beck et al. (2010) and Ochs et al. (2020) 

HVAC 

conventional  

ηcool,deliv: 0.7 Air-based cooling delivery system 

SEERcool: 3 Chiller with outdoor air condenser 

ηh: 0.95 Natural gas condensing boiler 

HVAC  

all-electric  

SEERcool: 6.6 Non-ducted air source heat pump 

SPFheat: 4.8 Non-ducted air source heat pump 

The economic costs and benefits over the expected  

service life of the different solutions is evaluated using 

total annual costs as an indicator. In this approach, the 

investment costs of technologies with different lifespans 

are computed into Equivalent Annual Costs (EAC) using 

an assumed annual interest rate according to the method 

presented in D’Antoni et al. (2019) and summed with 

operational energy and maintenance costs to give total 

annual costs (TAC). Table 5 shows the costs that are 

assumed for investment and maintenance of the different 

elements. The variability in investment costs, and the 

uncertainty in assumptions regarding lifespan, discount 

rates, and energy prices is evaluated by varying the 

assumptions using the ranges shown in Table 6. Energy 

performance is assessed using the primary energy 

consumption for heating, cooling, lighting, ventilation 

and equipment. The effects of two different HVAC 

concepts are evaluated (Table 7).  

The simulation toolchain 

The toolchain employed in this research combines 

elements from simulation frameworks used in earlier 

research (Bustamante et al. 2017, de Vries et al. 2021). 

The tool chain employs a co-simulation approach using 

the Radiance three-phase method (daylighting), 

EnergyPlus (thermal domain), Matlab (control logic), and 

BCVTB (information exchange). The optical behaviour 

of the combined window and shading system is described 

for each blind position, or roller blind state, using a 

bidirectional scattering distribution function resulting 

from sub-system simulation in LBNL-Window (Klems 

1994, Bustamante et al. 2017).Within EnergyPlus, the 

complex fenestration calculation module is used. A more 

detailed description of the simulation toolchain and model 

parameters can be found in de Vries, et al. (2019). 

Method for developing PEFnonRE profiles to represent 

future grid electricity uncertainties 

Figure 3 gives an overview of the employed method. The 

input for this algorithm is the weather data and a set of 

assumed scenarios that describe the annual source 

composition of grid electricity. Although, it is clear that 

the composition of grid electricity is likely to change and 

many countries have pledged to implement specific 

fractions of renewables in the future, there is still much 

uncertainty about how such pledges will be fulfilled. This 

uncertainty is described in this research using the 

generation scenarios shown in Figure 4. Additionally, a 

timestep is selected at which the PEFnonRE should be 

computed. In this study, this will be done on a monthly 

basis but smaller timesteps are also possible.  

  

Figure 3 Overview of the method used for generating the 

monthly PER scenarios.  

Multiple variables are taken from the weather data to 

generate a set of renewable generation and grid load unit 

fraction profiles. Average windspeed and global 

horizontal irradiation are used, respectively, to develop 

the wind and solar generation profiles. Outdoor dry bulb 

temperature is used to compute the number of heating- 

and cooling degree days (HDD and CDD) per period. A 

timestep unit fraction profile (Figure 5) is computed for 

each of the variables by dividing the value at each 

timestep by the annual sum for that variable using eq.(1).  

𝑝𝑝𝑟𝑜𝑓(𝑡) =  
𝑃(𝑡)

∑ 𝑃(𝑡)
 (1) 

The HDD and CDD profiles are linearly scaled and 

combined to form load profiles (Figure 6) that are 
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considered representative for plausible future grid load 

scenarios. Here, the scenarios are made to represent 

different types and degrees of adoption of electrical 

heating solutions as well as varying degrees of summer 

cooling. Potentially, also parameters like solar radiation 

or wind speed could be used in future research to represent 

changes in the efficiency of building skins. 

For each generation scenario g and load scenario l, the 

energy that could be generated by each source Egen;src(t,g,l) 

is then computed using eq.(2).  

𝐸𝑔𝑒𝑛;𝑠𝑟𝑐(𝑡,𝑙,𝑔) = 𝑓𝑔𝑒𝑛;𝑠𝑟𝑐;𝑔 ∙ 𝑝𝑔𝑒𝑛;𝑠𝑟𝑐(𝑡) ∙ ∑ 𝐸𝑙𝑜𝑎𝑑(𝑡,𝑙) (2) 

Egen;scr(t): energy generated by source src,  

fgen;scr: annual fraction of load covered by source in 

generation scenario g, pgen;scr(t): generation profile,  

Eload(t,;): grid load at timestep t for load scenario l 

The computed Egen;src(t,g,l) does not account for curtailment 

of renewables and ramping down of fossil sources. In the 

next step, a merit order is therefore assumed. Here, the 

order of the different sources in terms of carbon intensity 

(PEFsrc in Table 8) is used as a merit order. The Egen;src(t,g,l) 

including curtailment is computed by looping through this 

merit order and subtracting the energy generated by each 

source from the remaining grid load. 

 

   

   

Figure 4 Scenarios for grid electricity generation:  

Current (HighFossil21Ren), National policy 

(HighWind64Ren) based on projections by Abels-van 

Overveld et al. (2020), and assumed alternative futures.  

The timestep primary energy factors (PEFsrc(t)) are now 

computed for each source using eq.(3) and the  PEFsrc 

factors (Table 8). The PEFsrc(t) contributions of the 

different sources are then summed at each timestep to 

obtain the total PEF(t). This procedure is repeated for each 

g and l  scenario to obtain PEFnonRE(t) profiles, shown in 

Figure 7, that together describe the range of uncertainty 

regarding the future electricity grid. 

𝑃𝐸𝐹𝑠𝑟𝑐(𝑡,𝑙,𝑔) =
𝐸𝑔𝑒𝑛;𝑠𝑟𝑐(𝑡,𝑙,𝑔)

𝐸𝑙𝑜𝑎𝑑(𝑡,𝑙)

 ∙ 𝑃𝐸𝐹𝑠𝑟𝑐 (3) 

PEF(t,l,g): Primary energy factor for scr in scenario g 

and l at timestep t, PEFsrc: PEF for source src 

 

Figure 5 Unit fraction generation and load profiles. 

 

Figure 6 Grid load scenarios generated by linearly 

scaling and combining the HDD and CDD profiles. 

 

Average annual PEFnonRE colour scale: 

0.53  1.99 

Figure 7 PEF profiles associated to all combinations the 

g and l scenarios. Marker symbols as in Figure 6.   

 

Table 8 Assumed PEF for each source 

PEFgas 2.48 PEFwind 0.05 PEFconst;RE 0.02 

PEFcoal 2.56 PEFsolar 0.10   
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Results 

Daylighting and glare performance trade-offs 

 

 
S.1-STVB-OpMn-

RA-HG-Int-DD 
 

H.1-STVB-OpMn- 

RA-SC-Int-DD 

 
S.2-STVB-OpMxMn-

RA-HG-Int-DD 
 

H.2-STVB-OpMxMn-

RA-SC-Int-DD 

 
S.3-STVB-OpMxMn-

RM-HG-Int-DD 
 

H.3-STVB-OpMxMn-

RM-SC-Int-DD 

 
S.4-BL-200W-HG-

Int-DD 
 

H.4-BL-200W-SC-Int-

DD 

 
S.5-BL-6400lx-HG-

Int-DD 
 

H.5-BL-6400lx-SC-

Int-DD 

 Shades always closed  
P.4-BL-200W-HG-

Ext-DD 

 Shades always open  
P.5-BL-6400lx-HG-

Ext-DD 

 

DGPs0.4 exceedance 

for the 45-degree 

viewing direction 

 
C.4-BL-200W-HG-

Ext-noDD 

 
C.5-BL-6400lx-HG-

Ext-noDD 

Figure 8 Daylighting and glare performance of different 

glazing and solar shading alternatives. Glare is 

expressed as a range between the two viewing directions 

Figure 8 shows the glare and daylighting performance of 

the investigated glazing and solar shading solutions. 

Based on this graph, some conclusions can be made 

regarding the selected shading control strategy. The 

advanced STVB controls (numbers 1-3) lead to very 

beneficial daylighting performance (74-99% sDA300lx/50%) 

compared the BL200W strategy (nr. 4) that leads to a 

sDA300lx/50% as low as 19-24%. The STVB strategy is also 

able to prevent ‘disturbing’ glare at all times in the most 

critical viewing angle (DGPs0.4;exc.;0deg), where the 

occupants are facing the wall. The BL200W perform 

worse at preventing glare in this viewing direction and 

lead to 5-8% DGPs0.4;exc.;0deg. In the 45-degree viewing 

direction the STVB and BL show similar performance. 

The control threshold could potentially be chosen more 

stringently in the BL strategy, such that glare is always 

prevented (nr. 5-BL-6400lx) but doing so has a severe 

negative impact on the admission of daylight (0% 

sDA300lx/50%). This shows the STVB strategies offer a 

more desirable trade-off between prohibiting visual 

discomfort and maximizing daylighting performance. 

With regards to the glazing alternatives, the graph shows 

that selecting SC glazing slightly improves visual comfort 

(0-6% less DGPs0.4;exc) and has a small negative effect on 

the admission of daylight (5% sDA300lx/50%) compared to 

the HG glazing alternatives. 

Energy and cost performance trade-offs 

The graphs in Figure 9 display the total costs and energy 

performance associated with the different glazing and 

shading strategies. The design alternatives are explored 

using a varying set of assumptions regarding cost 

parameters and electricity primary energy conversion 

factors, as well as two different HVAC concepts. In all 

graphs, energy performance and costs are expressed as a 

difference between each alternative and the P.5-BL-

6400lx-HG-Ext-DD strategy (orange pentagram), which 

is used as a baseline. This means that positive values for 

ΔPE and ΔTAC indicate that a design alternative offers a 

reduction in PE and TAC, respectively, compared to P.5-

BL. Solutions that are closest to the lower right end of the 

graphs can be considered pareto optimal.    

Figure 9A compares the different design options 

assuming a PEFnonRE(t,l,g) scenario that is representative for 

the current state of the Dutch electricity grid 

(HighFossil21Ren-LoWintPeak). Additionally, a single 

set of cost parameters and the conventional HVAC 

concept are assumed. From this figure, the following can 

be concluded:  

• Solar controlled glazing with interior shading (H-SC-

Int shown as hexagrams) is pareto optimal, regardless 

of the control strategy that is used, this solution leads 

to more beneficial trade-offs in terms of TAC and PE.  

• The advanced STVB shading strategy (blue) always 

offers a better trade-off between TAC and PE than 

the other strategies.  

• Differences can be observed between three different 

configurations of the STVB control strategy (shades 

of blue).  

• Under this set of assumptions H.2 would be chosen 

amongst all solutions, and this design is expected to 

offer 28 kWh/m2 reduction in PE compared to the 

baseline.  

In Figure 9C shows the same comparison but now for a 

building design that includes the all-electric HVAC 

concept. Because this system offers more efficient 

cooling, preventing overheating by rejecting solar 

radiation becomes less defining for overall PE and TAC. 

Additionally, the relative importance of heating increases 

because of electrification of the heating system and a high 

PER in the heating season. This makes solar heat gains 

more desirable throughout this season. As a result, the 

difference between the H-SC-Int (hexagrams) and S-HG-

Int (squares) becomes smaller and both options are now 

more preferable than exterior solar shading (P-HG-Ext 

shown as pentagrams).  

Figure 9B and 9D show the same comparisons as before 

but now uncertainty margins (dashed lines) are included 

for PE using the different PEFnonRE(t,l,g) scenarios, and for 

TAC using the ranges from Table 6. In these graphs, the 
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design alternative marker is positioned at the median 

performance of all the assessed scenarios. For each design 

alternative, the minimum ΔPE is marked by a large circle. 

From these graphs, the following conclusions can be 

drawn: 

• The median performance of the Both H-SC-Int and 

S-HG-Int are pareto optimal and the differences 

amongst these two glazing alternatives is negligible.  

• S-HG-Int can now be considered more beneficial 

because it offers better daylighting performance. 

• The advanced control solutions are still pareto 

optimal. There are no longer differences amongst the 

advanced control alternatives.  

• The design that was previously pareto optimal 

amongst all solutions (H.2) now shows a bigger 

spread in ∆PE (12-28 kWh/m2) than the S.2 solution 

(15-21 kWh/m2). In this assesment, S.2 would be 

selected as the prefered design solution. 

Discussion and conclusion 

The results showed that different assumptions regarding 

future electricity grid characteristics significantly 

influence predicted reductions in primary energy 

consumption compared to a baseline (12-28 kWh/m2 for 

the H.2 solution). Additionally, a different optimal design 

was selected when only the current PEFnonRE(t,l,g) scenario 

was assumed (H.2), than when also future PER(t,l,g) 

scenarios were considered (S.2). The design solution that 

was chosen when all scenarios were considered offered 

better daylighting performance (6% sDA300lx/50%) and 

more robust primary energy savings if all future grid 

scenarios are considered equally likely (15-21 kWh/m2 

compared to 12-28 kWh/m2). From this, it can be 

concluded that assumptions regarding the composition of 

the electricity grid strongly influence the relative merits 

of different glazing/shading configurations. Therefore, it 

is recommended to address this in façade design 

optimisation by means of uncertainty analyses. The 

method applied in this research offers a point of departure 

for this type of uncertainty analyses. 

The presented method offers some benefits over the 

existing approaches discussed in the introduction section. 

In contrast to approaches that are based on the current grid 

characteristics, the presented method allows designers to 

also account for uncertainties regarding how these 

characteristics might change in the future. Additionally, 

the method allows designers to estimate time-varying 

PEFnonRE profiles that correspond with the weather data 

for the particular location and matches the information, 

skill level and the time that is available in early-stage 

façade optimisation. 

  

A. Conventional HVAC concept, current PER: 1.9 

Single set of assumptions for TAC and PE 

B. Conventional HVAC concept, PER all scenarios 

Dashed lines: ranges of uncertainty for TAC and PE 

  

C. All-electric HVAC concept, current PER: 1.9 

Single set of assumptions for TAC and PE 

D. All-electric HVAC concept, PER all scenarios 

Dashed lines: ranges of uncertainty for TAC and PE 

Figure 9 Difference in total annual costs (ΔTotal costs) and primary energy consumption (ΔPE) of each 

glazing+shading strategy compared to P.4-BL200W-HG-Ext-DD alternative. Symbols as in Figure 8.  
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The results also give insight into how trade-offs in façade 

design could change under different future grid scenarios. 

In the current PEFnonRE(t,l,g) scenario, the hierarchy in the 

investigated alternatives shows that improving energy 

performance involves making trade-offs between 

admitting more daylight to reduce lighting energy 

consumption and reducing solar heat gains throughout the 

cooling season. When also future PEFnonRE(t,l,g) scenarios 

are considered, the ranking of different solutions shows 

that reducing solar heat gains becomes less important in 

most scenarios. Energy performance is, however, still 

affected by choices that influence lighting energy 

consumption. Figure 10 illustrates the cause of this shift. 

The image shows the same graph as in Figure 9D but now 

the colour of the markers indicates the average annual 

PEFnonRE of each scenario. The presence of more PV 

generation causes the PEFnonRE to be more favourable in 

the summer months, reducing the importance of cooling. 

However, since the PEFnonRE is still relatively high in the 

winter season when lighting energy consumption is most 

critical, effective daylighting becomes the most defining 

aspect in improving energy performance. Additionally, 

Figure 10 shows that differences in PEnonRE between all 

design alternatives become smaller as the PEFnonRE 

becomes more favourable. This suggests that 

improvements in the PEFnonRE of electricity will decrease 

the relative importance of energy performance in relation 

to other performance aspects.  

 

Average annual PEFnonRE colour scale: 

0.53  1.99 

Figure 10 ΔTAC and ΔPE for the case with an all-

electric HVAC concept and all PEFnonRE(t,l,g) scenarios.  
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