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A B S T R A C T   

Since early-stage decisions have the largest impact on climate related emissions, if modelling is to help deliver 
zero carbon designs, tools are needed that can be used by those involved at this stage. By contrast, tools that 
require a detailed description of the building or a specialist have less usefulness at this point in the design cycle. 
So, just how simple can models be (mathematically and interface-wise), to give meaningful answers to decisions 
such as the shape of the building and the glazing ratio? The ideal tool would be pedagogical and leave the user 
with knowledge that they could apply even earlier to the next project. In this work we present ZEBRA, a highly 
simplified, quick-to-use, model for scoping zero-carbon buildings. The model only requires approximately 33 
inputs, no training, considers embodied emissions and renewables and leaves the user upskilled on zero carbon 
design. The predictions from 5 very low energy buildings placed into 559 climates obtained by this new model 
are compared to the leading model for high-performing buildings. The average difference was 0.9 kWh⋅m− 2⋅a− 1 

(SD = 0.6). The mean time taken to model a building by someone not previously exposed to ZEBRA was 35 min 
(SD = 8), and 17 min (SD = 3) on second use. Therefore, ZEBRA is highly accurate when compared to the best-in- 
class tool and can be used quickly by the uninitiated. Hence ZEBRA has the potential to be highly useful as a first- 
pass tool whilst simultaneously rapidly upskilling the industry.   

1. Introduction 

Pressure is mounting for a rapid move towards a carbon neutral so-
ciety. Within the industrialized world, the built environment is 
responsible for 37% of carbon emissions and accounts for 30% of total 
final energy consumption [1]. Despite partial success tackling emissions 
from buildings, significant reductions are necessary to compensate for 
the growth in affluence and construction rates worldwide [1,2]. Given 
legally-binding net-zero carbon targets by 2050, a faster decarbon-
isation pace is essential [3]. 

A net-zero built environment is also vital to balance the emissions of 
sectors like aviation that cannot decarbonise readily, and this could 
open new opportunities. For example, Transforming Construction 
Grants in the UK or the Grid-Interactive Efficient Buildings program in 

the US have been advancing the concept of buildings as energy infra-
structure, whereby buildings respond to the needs of the network [4]. 
This, however, requires buildings with a significantly reduced energy 
consumption to offer sizable benefits to the networks they participate in. 

Regrettably, low-energy/carbon buildings are uncommon. For 
example, the voluntary census record of verified and aspiring net-zero 
energy buildings in the US has 683 buildings [5] in a stock of more 
than 124 million [6]. Focusing on design, the energy use and carbon 
footprint of buildings are heavily influenced by decisions taken early in 
the design process such as massing, materials, orientation, and glazing. 
Later modifications quickly become prohibitively expensive, if at all 
possible. Unfortunately, it is only at the later design stages that building 
energy performance is typically quantified, and then mainly for 
compliance with energy regulations. This can be partly attributed to the 
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fact that detailed building specifications (required by many models) are 
not available before this stage [7]. Moreover, analyses of performance 
throughout the design life cycle are often unpractical and conducted by 
different professionals hired at different stages [8]. 

Improving the design cycle to deliver high-performing buildings goes 
beyond modelling capabilities and user expectations [9–12]. For 
example, Bambardekar & Poerschke [13] noted the gap between the 
availability of simulation software and the limited guidance to use such 
software at early design stages. The American Institute of Architecture 
[14] urged professionals to transition from a ‘silo’-based approach to 
design, in which different teams take over the project during the design 
cycle, to integrated design practices, in which every design stage in-
volves every team and modelling is embedded to appraise performance. 
In the RIBA report featuring leading practices that have adopted energy 
modelling as part of their design processes [15], professionals valued the 
importance of modelling to enhance their understanding of design 
trade-offs and awareness of interdisciplinary challenges but also the 
need for continuing professional development in a rapidly evolving 
landscape. Similarly, the US Department of Energy [16] has identified a 
significant national gap in adoption of modelling to inform design (only 
20% of new builds) and a shortage of educational offerings and trained 
professionals. These examples suggest that design professionals should, 
from the onset, (1) be aware or able to set performance expectations, (2) 
have an evidence-based approach to performance evaluation and (3) be 
able to assess critically design decisions. These point to the fundamental 
need for a pedagogical approach to environmental modelling so that 
professionals are better equipped with the knowledge and skills to 
deliver buildings without environmental performance gaps [17]. 

At present, the impact of energy and environmental performance 
modelling is two-fold. (1) Modelling delivers intended benefits when 
used correctly but requires expert knowledge and a strong incentive to 
embed it into the design process [18–20]. (2) This can limit modelling to 
a small fraction of projects, and generally late in the design process, 
often to only justify adherence to regulations [21]. This does not 
incentivise low-energy buildings and continues to ignore whole-life 
carbon. 

An accelerating decarbonisation agenda requires very low energy 
buildings, and these are qualitatively different from traditional ones. 
Very low energy buildings feature high levels of insulation, high 
airtightness and possibly MVHR units – all of which have large impacts 
on the overall design, final floor area, ceiling heights, materials, and 
construction methods. These buildings also feature rigorous quality 
assessment procedures. This results in a stable indoor temperature that 
requires little energy to meet comfortable temperatures and a known 
fixed airflow during the heating and cooling periods (if MVHR is used). 
Therefore, and unlike in traditional buildings, simpler calculations are a 
reasonable way to estimate energy demands. Crucially, simpler thermal 
models are transparent to the user, who can develop a physics-based 
understanding of energy transfers. 

A prominent example is the Passivhaus standard and its calculation 
software, PHPP [22]. Here, designers operate within a design philoso-
phy — they follow a systematic approach to design with clear perfor-
mance goals — and the core set of equations involved are those featured 
in introductory courses on building physics attended by architects. For 
certification, PHPP follows the ISO 13790 monthly method for space 
heating demand, needing additional models to account for building 
services and other design aspects like frequency of indoor overheating. 
These add complexity and result in a model that takes many hours to 
complete by a trained and experienced individual and much longer by 
the uninitiated. These complex aspects are important, but they are only 
worth considering if the design has the potential to be a low energy 
building in the first place. 

Unfortunately, the complexity of PHPP (in which lies much of its 
power) causes issues with those new to low energy design. PHPP is 
spreadsheet based, but to the non-specialist its numerous separate sheets 
and inputs make it impenetrable. This and the resultant steep learning 

curve also cause issues for those trying to teach low energy design, as 
PHPP needs a course of its own, and many wanting to design low energy 
buildings will never use PHPP but rely on consultants later in the design 
cycle. This therefore restricts PHPP and the lessons it can teach to the 
few. 

This is a missed opportunity to deliver low-energy/carbon buildings 
because designers need to have an idea of the numbers involved and 
what they are sensitive to, and to get results quickly [12,13]. For 
example, if the shape of the building is changed slightly, thereby 
increasing its surface area, how much might the thickness of the insu-
lation need to be increased to offset this extra heat loss? PHPP can 
answer this kind of question, but its complexity is such that only con-
sultants are likely to be able to use it, and possibly they already know 
approximate answers. 

To help address these issues, we propose a new early-stage design 
and teaching tool that estimates the environmental impact of low- 
energy and low-carbon buildings. The core element is a ‘literate 
modelling’ approach which, similarly to Donald Knuth’s literate pro-
gramming, refers to a model that includes explanations of its algorithm 
together with the instruction set and calculations. The hypotheses for 
this work are that such algorithm can be:  

1 Developed to predict, with information available at an early design 
stage (during RIBA Stage 2 or equivalent), the space heating demand 
of new low-energy buildings (i.e., space heating demand under 30 
kWh⋅m− 2⋅a− 1) within ±5 kWh⋅m− 2⋅a− 1 (i.e., a tolerance that leads to 
a negligible difference in running costs). 

2. Used by a new user in under 60 min to estimate energy and envi-
ronmental performance of a proposal, and under 30 min for second 
and subsequent uses. These time limits are indicative, but they 
represent timings that would be acceptable in practice in teaching 
and design contexts. 

2. Materials and methods 

2.1. Zero energy/carbon building reduced algorithm (ZEBRA) 

ZEBRA is introduced to address the gap for a literate building 
modelling tool dealing with low energy/carbon performance of build-
ings at an early design stage. It considers the operational energy of space 
heating demand (cooling is not yet implemented), domestic hot water, 
electrical loads, on-site photovoltaics, and also operational and upfront 
embodied carbon (stages B6 and A1–A5 in EN 15978). The key aspira-
tions were that the instruction set should:  

1. Start with an environmental philosophy, i.e., the low energy and 
carbon standard to be judged against (e.g., 15 kWh⋅m− 2⋅a− 1 for space 
heating demand or a goal of net zero carbon), based on the idea of 
non-defornocere buildings [23].  

2. Feature a building physics model for main heat transfer mechanisms. 
The concept of literate modelling based on first principles is 
essential.  

3. Only require information likely to be available at an early design 
stage. Parameters might be directly available from sketches (form 
factor, approximate surface areas) and others may be estimated (U- 
values, shading). Detailed specifications about systems are to be 
avoided but may be incorporated if available.  

4. Modelling according to ‘complexity levels’, to adjust the interface 
and the number of model parameters to tailor for the level of expe-
rience of the user and how well developed the design is.  

5. Prompt the user to consider design aspects that are difficult to 
quantify but acknowledged to be influential. For example, the use of 
low-carbon materials.  

6. Be reactive, showing results in real time as parameters change. 

From an adoption point of view, the self-imposed development 
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constraints were:  

7. A balance between number of inputs and lessons to be taught. The 
fewer the inputs the better, but key architectural design lessons 
are prioritised.  

8. Portability. Able to run on most platforms, self-contained and 
easy to share.  

9. Extendible. Allow users to add their own workflows and 
annotations.  

10. Open license. Stressing the ability to modify and share versions 
with others. 

We opted for an implementation in spreadsheet software since this is 
widely available and familiar to architects. Macros are avoided 
following security policies in educational institutions and companies. 
The resulting model is publicly available (see the Data Access State-
ment). The following introduces ZEBRA focusing on novel aspects: its 
pedagogical approach and commentary. 

2.1.1. Approach and philosophy 
Considering ZEBRA’s approach, the ‘Technological Pedagogical 

Content Knowledge’ (TPACK) framework by Mishra and Koehler [24] is 
a useful lens to describe how it fills the identified gap in the literature. 
TPACK identifies three interacting components:  

1. Content Knowledge (subject matter): This is here the design of low- 
energy/carbon buildings. The content is embedded in ZEBRA’s 
commentary and continued in the model implementation. We expect 
users can learn not only (1) building physics and (2) sustainability 
principles, but also (3) the wider context of the role constructions 
professionals play in the transition to a low carbon society, and (4) 
how aspirations of performance materialise in the design concept (e. 
g., massing, orientation, glazing, materials), construction practices 
and quality assurance procedures (e.g., detailing for high airtightness 
levels and in-situ verification).  

2. Pedagogical Knowledge (our approach to education): At a high-level, 
this is described by a project-based user-centric approach. We follow 
the Resource-Activity-Support-Evaluation model by Churchill et al. 

[25,26]. ZEBRA contains a fully working and documented model 
(resource), with included examples to assess design proposals (ac-
tivity), aided by extensive commentary and instructions (support) 
and numerous figures and tables reporting the performance of the 
building (evaluation). 

3. Technological Knowledge (our approach to technology in educa-
tion): In this case ZEBRA’s core concept as a literate building 
modelling tool that integrates the content and models in a single 
place that then facilitates the pedagogical approach. 

Organised around sequential design topics, one per spreadsheet tab, 
ZEBRA interweaves commentary, instructions, and equations (Fig. 1). 
The commentary discusses issues that are well known to experienced 
modellers and designers of low-energy/carbon buildings that might be 
novel to newcomers (e.g., the considerable impact of frames in openings; 
the relationship between form factor and U-values). Topics are accom-
panied by numerous figures showing their relative contribution to the 
building’s performance. 

Given its strong pedagogical focus, it starts with tabs titled ‘back-
ground’ and ‘requirements’. The background introduces the role high- 
performing buildings must play in a decarbonised society and Passiv-
haus as an example that delivers at scale low-energy buildings that 
perform as intended. Then, users state the environmental philosophy in 
the requirements tab (for example 15 kWh⋅m− 2⋅a− 1 for space heating 
demand, or net zero carbon) together with the treated floor area and 
heating set point. 

2.1.2. Operational energy use model (stage B6) 
The fundamental approaches to building thermal modelling were 

already established by 1970s, featuring different complexity levels [18, 
27]. Remarkably, all models are still relevant: degree-days methods are 
used to estimate/normalise energy consumption; numerical methods 
best integrate multiple domains (e.g. buildings, HVAC, renewables, the 
grid); the response factor method remains the default option in engines 
like EnergyPlus for its speed; RC models are particularly useful for 
prediction and control, featured in ISO [28–32], and continue to be 
actively researched [33,34]. 

A recurrent theme is how to make methods more accessible to users. 

Fig. 1. ZEBRA Interface – Extract from the “Walls” spreadsheet tab (n.b., example of the interface, with cell contents and tab names not meant to be readable in this 
figure). The user is encouraged to navigate the tool tab-by-tab, from left to right. Tabs needing user inputs are highlighted in red. The pink area on the left hosts the 
commentary, the upper-right area hosts inputs and outputs and the bottom-right is for users to use freely. The commentary section, which plays a pedagogical role, is 
notably more prominent than other areas, followed by extensive use of figures. 
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Clarke [35] recalls work by Valtos & Abacus [36] that compared 
methods aimed at architects and building scientists. They noted signif-
icant discrepancies between them and that only the dynamic method 
captured the presence of a turning point as design parameters changed 
(Fig. 2-left). Kokogiannakis et al. [37] compared ESP-r, EnergyPlus and 
the methods in ISO 13790 (Fig. 2-right). They used buildings in a series 
of scenarios, including different levels of thermal mass and intermittent 
space conditioning. The mean bias error, taking EnergyPlus as the 
baseline, indicates that the ISO-method results are within ±25% 
approximately, except for low energy buildings, where discrepancies 
under this metric can be much greater. These examples stress how dy-
namic effects can be important to estimate energy consumption and 
capture design trade-offs, assuming accurate-enough model inputs are 
readily available. 

Here, we choose the ISO 52016-1 monthly method [38] for the core 
of the operational energy use model in ZEBRA: a single-zone model 
based on heating degree hours for components strongly dependent on 
indoor temperatures, like conduction or ventilation, and a utilisation 
factor for independent ones, like solar or metabolic gains [39]. This is a 
quasi-dynamic model that been thoroughly documented and shown to 
perform adequately to estimate annual energy demand of a constantly 
occupied zone heated or cooled to a setpoint temperature [28,38,39]. 
ZEBRA considers the ‘core’ ISO 52016-1 model, meaning that it does not 
implement sub-models for heat and mass transfer mechanisms other 
than those shown in this section. Systems then consume or generate 
energy to meet demands (e.g., boilers or PV systems), which are in turn 
translated into primary energy, and operational energy emissions. 

The following introduces the model according to building physics 
topic (see the paragraph titles in bold) rather than design topics. Equa-
tions use the Iverson bracket, a notation that captures logical proposi-
tions within square brackets and that evaluates to 1 if the proposition is 
satisfied, or to 0 otherwise. Symbols are defined on first use in the 
following (see full reference in the Appendix). 

Weather. The model requires the monthly mean external air 
temperatures θout,site,a,i and solar radiation on every exposed side of a 
cube sitting on a horizontal plane φj,i. Months durations Δti (h) are 
implicit. In teaching, it is useful to move a design elsewhere, hence a 
database of more than 3000 locations has been included (based on 
Crawley & Lawrie [40]). Central to the model are the monthly 
degree-hours Gheat,i (kK⋅h) 

Gheat,i =
(
θind,heat,i − θout,site,a,i

)
⋅Δti⋅

[
θout,site,a,i < θind,heat,i

]
⋅10− 3 (1)  

where subscript i denotes the month, θind,heat,i (◦C) is the indoor setpoint 
for heating and θout,site,a,i (◦C) the mean external air temperature. This is 

conceptually different to what degree-days methods do, which take a 
notional base temperature like 15.5 ◦C to allow for dynamic effects, 
rather than indoor setpoints [39]. To account for potential differences in 
elevation between the site hsite (m) and the chosen location hstation (m), 
site temperatures θout,site,a,i (◦C) are approximated from those at the 
weather station with the adiabatic lapse rate 

θout,site,a,i = θout,station,a,i + (hstation − hsite)⋅LR (2)  

where θout,station,a,i (◦C) is the outdoor temperature at the weather station 
and LR the adiabatic lapse rate (K⋅m− 1). 

Space heating demand – Transmission. The monthly transmission 
Qheat,trans,i (kWh) is given by 

Qheat,trans,i =

(
∑n

i=1
Ui ⋅Ai +

∑n

j=1
ψj ⋅Lj +

∑n

k=1
χk ⋅Nk

)

⋅Gheat,i (3)  

where Ui (W⋅m− 2⋅K− 1) is the thermal transmittance and Ai (m2) the 
surface area of element i, ψ j (W⋅m− 1⋅K− 1) the linear thermal trans-
mittance and Lj (m) the length of element j, χk (W⋅K− 1) the point thermal 
transmittance and Nk (n.d.) the number of points of type k. This is 
introduced in ZEBRA per building element (walls/doors, ground floor, 
roof, and glazing) so that the commentary is specific to design areas. For 
example, the influence of building form factors in energy demand, how 
to measure envelope areas in building energy modelling or how influ-
ential thermal bridges can be in low-energy buildings. 

Space heating demand – Solar heat gains. The glazing section 
discusses the glazing’s influence on heat loss and solar gains, and how 
low energy buildings should aim for the right balance between the two 
(e.g., do particular windows have an energy positive or negative heat 
balance?). It stresses aspects often overlooked like the use of realistic 
frame widths, reminding users that frame widths of 15 cm are not un-
common in high-performance windows. The solar heat gain Qsol,i (kWh) 
is then 

Qsol,i = r⊥⋅rm⋅rshade⋅g⋅
∑12

j=1
Aglz,j⋅φglz,j,i (4)  

where r⊥ (n.d.) is the non-perpendicular radiation factor, rm (n.d.) the 
maintenance factor, rshade (n.d.) the shading reduction factor, g (n.d.) the 
fraction of transmitted solar radiation by the glazing unit, Aglz,j (m2) the 
glazed surface area and φglz,j,i (kWh⋅m− 2) the unobstructed solar radia-
tion falling on element j. The additional geometrical input is the orien-
tation of each opening to retrieve the solar radiation from the weather 
description (linear interpolation is used to calculate orientation in 

Fig. 2. Simplified and dynamic methods in the literature. Left: Influence of glazing ratios in a hotel using dynamic (ESP) and simplified methods (IHVE, RIBA) by 
different users [36]. Right: data from Kokogiannakis et al. [37] (n = 23). 
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between cardinal points). The outputs show every step of the calculation 
and additional information to help stress design lessons: transmission, 
solar gains, energy balances per window, overall influence of glazing in 
the project, and what is the size of an equivalent hole in the building 
envelope that would allow for the same solar heat gain (extract in 
Fig. 3). 

Space heating demand – Airflows. Ventilation and infiltration are 
introduced together to emphasize their relationship in low energy 

design. The commentary describes the implications of high airtightness 
in both design and construction, and the quality assurance procedures 
that need to be adopted to guarantee desired levels and that allow me-
chanical ventilation system with heat recovery to be a sensible option. 
The energy model for the space heating demand due to mass transfers 
Qheat,vent,i (kWh) is 

Qheat,vent,i =(V̇a ⋅ nocc +Vbld ⋅ n50 ⋅ e ⋅ (1 − ηHR)) ⋅ ca⋅Gheat,i (5)  

where V̇a (m3⋅h− 1⋅p− 1) is the ventilation airflow rate, nocc (p) the oc-
cupancy considered for ventilation, Vbld (m3) the building internal vol-
ume, n50 (h− 1) the infiltration rate at 50Pa, e (n.d.) the shelter factor, ηHR 
(n.d.) the efficiency of the heat recovery unit, and ca (Wh⋅m− 3⋅K− 1) the 
specific heat capacity of air. 

Space heating demand – Internal gains. Internal heat gains Qint,i 
(kWh) are introduced with 

Qint,i =
(
φint,met +φint,plug

)
⋅ATFA ⋅Δti⋅10− 3 (6)  

where φint,met (W⋅m− 2) is the average internal heat gain from occupants, 
φint,plug (W⋅m− 2) the average internal sensible heat gain from appliances 
and ATFA (m2) the treated floor area. 

Energy demand – Space heating. The model for space heating 
demand is quasi-dynamic, considering a utilisation factor [38]. This 
represents a useful compromise between the pedagogical lessons (e.g., 
not all gains are useful in practice, or the time constant of a building) and 
calculation complexity. The steps to calculate the space heating demand 
begin with the total heat loss Qheat, loss,i (kWh), 

Qheat, loss,i =Qheat,trans,i + Qheat,vent,i, (7)  

followed by the total heat gain Qheat, gain,i (kWh), 

Qheat, gain,i =Qsol,i + Qint,i. (8) 

The time constant for heating τheat (h) is  

where cbld (Wh⋅K− 1⋅m− 2) is the specific heat capacity of all building el-
ements per unit of treated floor area. Then, the auxiliary numerical 
parameter αheat (n.d.) is calculated, followed by the utilisation factor for 
space heating ηG,heat,i (n.d.) 

αheat = 1 +
τheat
15

, (10)  

ηG,heat,i =

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

αheat

αheat + 1
if Qheat,gain,i = Qheat,loss,i ∕= 0

1 −

(
Qheat,gain,i

Qheat,loss,i

)αheat

1 −

(
Qheat,gain,i

Qheat,loss,i

)αheat+1 else if Qheat,loss,i > 0 and
Qheat,gain,i

Qheat,loss,i
> 0

Qheat,loss,i

Qheat,gain,i
else if Qheat,gain,i > 0

1 otherwise

.

(11) 

Details on the derivation of these parameters are available in ISO 
standards [28,39]. The space heating demand Qheat,demand,i (kWh) is then 

Qheat,demand,i =max
(
Qheat, loss,i − ηG,heat,i ⋅Qheat, gain,i, 0

)
(12)  

and the annual space heating demand Qheat,demand (kWh) 

Qheat,demand =
∑12

i=1
Qheat, demand,i. (13) 

Fig. 3. ZEBRA Interface – Annotated extract from the “Glazing” spreadsheet tab (n.b., only annotations are meant to be readable in this figure). The commentary (1) 
targets what is particularly important here when designing high-performing buildings. The inputs (2) are shown for a high complexity level, showing the more 
advanced inputs in darker orange colours. This is interweaved with further annotations and textual outputs (e.g., glazed area, equivalent hole size). The graphical 
output (3) shows the energy balance per window and for each month, to help identify areas for improvement. The user can add notes and workflows (4) and, since the 
high complexity level is selected, tables with colour bars show the transmission losses, solar gains, and net balance (5). 

τheat =
cbld⋅ATFA(∑n

i=1Ui⋅Ai +
∑n

j=1ψj⋅Lj +
∑n

k=1χk⋅Nk

)
+ (V̇a⋅nocc + Vbld⋅n50⋅e⋅(1 − ηHR))⋅ca

(9)   
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Systems. Systems are introduced to meet the energy demands, and 
they are characterized by an equivalent efficiency, fuel type and, 
optionally, explicit losses not included by the efficiency. 

Systems – Space heating. If a space heating system is present, its 
energy demand Qspace heating,main (kWh) is that of the annual space heating 
demand 

Qspace heating,main =Qheat,demand . (14) 

Systems – Ventilation. If mechanically ventilated, the main energy 
demand for ventilation Qvent,main (kWh) is that of the fans (heat recovery 
already accounted in (14) via (5)) 

Qvent,main = V̇a⋅nocc⋅ ηfan⋅Δt⋅10− 3 (15)  

where ηfan (Wh⋅m− 3) is the specific fan power. 
Systems – Domestic Hot Water (DHW). Calculations for the energy 

demand in the main system for DHW Qdhw,main (kWh) distinguish be-
tween the energy required to bring mains water flow rates to the desired 
temperature (termed useful heat) Qdhw,main,useful (kWh), and the losses 
Qdhw,main,loss (kWh), with the latter split between distribution 
Qdhw,main,loss,dist (kWh) and storage losses Qdhw,main,loss,store (kWh) 

Qdhw,main,useful =
(
V̇dhw,req ⋅ nocc

)
⋅ cw ⋅Δθdhw ⋅Δt⋅10− 3, (16)  

Qdhw,main,loss =Qdhw,main,loss,dist + Qdhw,main,loss,store, (17)  

Qdhw,main =Qdhw,main,useful + Qdhw,main,loss. (18)  

where V̇dhw,req (m3⋅h− 1⋅p− 1) is the DHW rate required per person, cw 

(Wh⋅m− 3⋅K− 1) the specific heat capacity of water, and Δθdhw (K) the 
average annual temperature difference between water at the point of use 
and that at the mains. 

The commentary stresses that, if present, DHW is at least as impor-
tant in low-energy buildings as space heating demand. It discusses the 
wide range of possible values for losses as a fraction of the useful heat, to 
give the notion to the user that losses can range from almost 0 to more 
than that of useful heat. It then introduces the design implications that 
follow, like reducing the length of the distribution network and use of 
low-volume pipes in domestic buildings. At lower complexity levels, 
values for losses are suggested according to design decisions, which are 
customizable at higher complexity levels (see Appendix). 

Systems – Plug loads. This integrates internal gains for electrical 
equipment: 

Qplugs,main =φint,plugs⋅ATFA⋅Δt⋅10− 3. (19)  

where Δt (h) is the total duration of a year. 
Systems – PV generation. Energy generation with PV QPV,main (kWh) 

is included owing to its popularity and ease of integration in buildings. 
The commentary focuses on the fraction of roof area available to install 
PV panels and shading conditions. The model distinguishes between the 

efficiency of the panels and the performance ratio of the rest of the 
system, which accounts for losses in the inverter and shading, 

QPV,main =Apanel⋅ηpanel⋅ηPR⋅
∑12

j=1
φpanel,i. (20)  

where Apanel (m2) is the area of PV panels on the roof, ηpanel (n.d.) the 
efficiency of PV panels, ηPR (n.d.) the overall performance ratio of the PV 
system (inclusive of inverter and local shading losses), and φpanel,i 

(kWh⋅m− 2) the monthly unobstructed solar radiation falling on the PV 
panel. 

Systems – Other services. It is possible to add other energy demands 
or generation systems under Qother1,main and Qother2,main for flexibility and 
experimentation. 

Systems – Auxiliary energy. Every system can include auxiliary 
energy Qi,aux. No auxiliary energy is considered by default as this is best 
included once systems are defined later in the design process, but these 
may be included if estimates are available. 

Systems – Energy consumption. The energy consumption Ci,j 

(kWhfinal) is only calculated if there is a device installed to satisfy the 
energy demand associated with it (e.g., a boiler for space heating). If so, 

Ci,j =
Qi,j

ηi,j
(21)  

where i indicates the energy end-use (one of {vent, space heating, dhw,

plugs, PV, other1, other2}), j the system (one of {main, aux}), Qi,j (kWh) 
is the energy end-use for a given system and ηi,j (n.d.) the annual 
equivalent efficiency. 

Systems – Primary energy and environmental footprint. Each 
consumption Ci,j (kWhfinal) is associated with a fuel, described by the so- 
called fuel factor, FFk,i,j, where k is one of {primary energy, CO2e} and 
units are kWhprimary⋅kWh− 1

final or kgCO2e⋅kWh− 1
final, depending on the value 

of k. The impact Ik,i,j (either kWhprimary or kgCO2e) is then 

Ik,i,j =Ci,j⋅FFk,i,j (22)  

for each energy consumption in the building. The impact at building 
level Ik (either kWhprimary or kgCO2e) is 

Ik =
∑

i,j
Ik,i,j. (23)  

2.1.3. Upfront embodied carbon model (stages A1-A5) 
A simplified model for embodied carbon EC is given by 

EC=
∑

i=1
activity datai × emission factori (24)  

where EC is typically expressed in kgCO2e, the activity datai in relevant 
units (m3, kg, etc.) and the emission factori in appropriate corollaries 
(kgCO2e per m3, kg, etc.). Emissions factors for materials are publicly 

Table 1 
Basic estimation of upfront embodied carbon ECbasic in ZEBRA (Stages A1-A5).  

Building Type Construction Type ECbasic[kgCO₂e⋅m− 2(TFA)]  Source 

House Standard  800 LETI [53]  
Low-Impact  500 LETI [53] 

Apartment Standard  850 GLA [54]  
Low-Impact  550 GLA [54] & LETI [53] 

Office Standard  1000 GLA [54] & LETI [53]  
Low-Impact  600 GLA [54] 

Educational Standard  1000 GLA [54]  
Low-Impact  600 GLA (2020) & LETI [53]  
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available in resources such as the ICE Database [41] or in Environmental 
Product Declarations [42]. Embodied carbon has gained substantial 
momentum recently, resulting in rapid developments that facilitate 
appraisals of performance, like the framework for whole buildings by 
RICS [43]. According to the level of resolution they have, models vary 
from benchmarks that give a notion of the expected emissions as a whole 
(top-down approaches, e.g., RIBA [44]) or rules of thumb (e.g. BMAS 
[45] or LETI [46]) to full-blown LCA models that detail how the building 
came to be (bottom-up approaches, e.g., Heijungs & Suh [47], defining 
and solving models within specialist software). Models in-between these 
extremes are also available (e.g., Athena [48], BIRDS [49] or TOTEM 
[50]), as well as field-specific ones (e.g., IStructE [51] for structures). 

Since ZEBRA’s aim is to inform early-stage design, it focuses on 
upfront embodied carbon (CO2e, LCA Stages A1-A5 [52]). The estimate 
is based on a parametrisation of recently published guidelines. The two 
options are basic (EC = ECbasic, Table 1) and advanced (EC = ECadvanced, 
Appendix), which corresponds to low and high complexity levels. More 
detailed assessment methods have been avoided since even just basic 
bottom-up appraisals of upfront embodied carbon of structures requires 
many dozens of specialist inputs [51], the values of which would be 
unknown at the initial design stage. 

Embodied emissions raise awareness of their likely scale compared to 
the operational emissions, their growing relative importance as opera-
tional emissions are reduced and gives users an idea of whether there is 
the potential for their design to be zero carbon if embodied emissions are 
included in the environmental philosophy they stated. 

2.1.4. Key performance indicators 
Concluding metrics summarise the relative merits of the design:  

1. Key design parameters: These are geometrical properties that help 
interpret the values for space heating demand, like the compactness 
(Aenvelope/Vv) and form factor (Aenvelope/ATFA). 

2. Operational intensities: Reports the energy demand, energy con-
sumption, primary energy, and carbon for each system in the 
building per unit of treated floor area.  

3. Carbon footprint: The operational and upfront embodied carbon 
intensity, the relative proportion of operational to upfront embodied 
carbon and the absolute carbon footprint estimated. 

These indicators also allow one to compare projects and help in 
evaluating the extent to which the environmental philosophy has been 
met. Finally, the commentary encourages the user to revisit the different 
sections of the tool to see how the performance could be improved. 

2.2. Analysis 

A model and its implementation can be evaluated through the 
principle “if it disagrees with experiment, it is wrong” [55]. 
Physics-based building energy performance simulation is particularly 
demanding because it involves the interplay of numerous models for 
heat and mass transfer under the influence of many conditions such as 
weather, occupant behaviour or construction. Considering that each of 
such models is based on first principles, the question becomes if the 
overall model represents observations sufficiently well. Here, standards 
and best practice turn to test suites that declare a reference model with 
inputs and expected outputs, reducing validation to comparisons against 
the test suites. Similarly, a complementary approach is to assess model 
performance against relevant case studies in validated software, which 
particularises tests to a domain of interest, such as low energy buildings. 
We consider both approaches in this study. 

2.2.1. Standard tests – ANSI/ASHRAE standard 140 
The most comprehensive tests for building performance simulation 

software are in ANSI/ASHRAE Standard 140 [56]. Tests for the 
whole-building annual space heating energy use are based on HERS 

BESTEST [57], introduced in two groups or tiers (Table 2). Tier 1 cases 
assess the heat and mass transfers related to opaque and 
semi-transparent building envelope elements, infiltration/ventilation, 
shading, exterior surface colour, energy efficient and energy inefficient 
building envelope characteristics as well as different ground floor op-
tions (crawl space, slab, and basement). Tier 2 cases include key features 
of passive solar design, namely increased mass and improved charac-
teristics of glazing units and shading. 

The base case (ID L100A, Table 2) is a single-pitched roof building 
located in an exposed, flat site in Colorado (USA). It has an unoccupied 
attic and a ventilated crawl space, and it is equivalent to a single 17.4 ×
8.2 × 2.4 m box for space heating demand purposes and the set point is 
fixed at 20 ◦C. The gable ends are oriented to the East and West. The U- 
values are 0.48 W⋅m− 2⋅K− 1 for the walls, 1.87 W⋅m− 2⋅K− 1 for doors, 
0.28 W⋅m− 2⋅K− 1 for the roof and 0.40 W⋅m− 2⋅K− 1 for the floor. The 18 
glazing units are distributed in the four façades, 6 in the longer ones and 
3 in the gable ends. Since the ZEBRA spreadsheet implementation allows 
for up to 15 individual glazing units, these are modelled with the 
equivalent opening size per façade, using the real heigh of 1.52 m and 
adding each 0.91 m widths together (e.g., 3 × 0.91 m in the East-facing 
façade). Thus, the equivalent thermal properties are used, with an 
overall installed U-value of 5.90 W⋅m− 2⋅K− 1, g-value of 0.857 
(completely semi-transparent) and a shading factor of 0.27 (represent-
ing the opaque frames). There is a constant infiltration rate at 0.533 ach, 
and the internal heat gains are also constant and equal to 4.79 W⋅m− 2. 
Lastly, the specific heat capacity of the thermal envelope and internal 

Table 2 
ANSI/ASHRAE Standard 140 [56] Class II Tests reference results for space 
heating demand (kWh⋅m− 2⋅a− 1).  

Case Tier Template Summary 
description/ 
change 

Reference data 

ID BLAST 
3.0 

DOE 
2.1E 

SERIES 
5.7 

L100A 1 – Base case  127.0  118.9  148.4 
L110A 1 L100A Higher 

infiltration rate  
176.2  166.8  197.9 

L120A 1 L100A Increased wall 
and roof 
insulation  

103.0  92.4  118.5 

L130A 1 L100A Improved glazing  95.0  94.0  102.4 
L140A 1 L100A Without windows  100.7  96.8  107.6 
L150A 1 L100A Only South-facing 

windows  
112.6  101.4  131.2 

L155A 1 L150A Increased shading  117.6  107.2  137.1 
L160A 1 L100A Only East/West- 

facing windows  
128.9  119.5  150.7 

L170A 1 L100A Without internal 
heat gains  

149.8  146.9  175.2 

L200A 1 L100A Low energy 
efficiency  

274.6  279.0  345.1 

L202A 1 L200A Modified solar 
absorptance  

281.8  291.2  353.7 

L302A 1 L100A Uninsulated slab- 
on-grade  

144.5  138.2  170.0 

L304A 1 L302A Insulated slab  123.1  116.1  141.8 
L322A 1 L100A Uninsulated 

basement  
93.9  90.5  108.6 

L324A 1 L322A Insulated 
basement  

66.5  62.6  74.4 

L165A 2 L160A Increased shading  137.0  132.7  160.0 
P100A 2 L120A Design for passive 

solar gains  
25.2  20.5  29.5 

P105A 2 P100A Increased shading 
(South-facing 
overhang)  

29.9  24.8  34.8 

P110A 2 P100A Reduced mass  45.9  41.3  48.7 
P140A 2 P100A Without windows  60.3  52.9  60.3 
P150A 2 P100A Evenly 

distributed 
windows in all 
façades  

51.4  46.3  57.4  
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elements is equal to 22.16 Wh⋅m− 2(TFA). 
The base case is then used to create design variants (Table 2). 

Following recommendations [57], we use the most detailed level of 
inputs ZEBRA allows for. This means that changes in boundary condi-
tions for the floor (e.g., from ventilated crawl space to slabs) were 
modelled using the equivalent floor U-value as reported in HERS 
BESTEST. Similarly, ZEBRA uses shading coefficients, and it provides 
overall guidance based on reference values in the UK’s Standard 
Assessment Procedure [58]. 

The standard does not establish a pass or fail criteria, but rather 
suggests an assessment method to compare results against reference data 
from three different models (Table 2). Reference data are then consid-
ered as samples from which construct allowable performance ranges 
against which compare the performance of new models. The allowable 
range is built considering two criteria. Under Criterion A, a range is 
created considering that reference data are samples from a Student’s t 
distribution, and thus, uses this to create a confidence interval. The 
confidence level is up to the user, but it is recommended to vary from 
0.80 to 0.95. The higher the confidence level the wider the resulting 
range, and here we use 0.90 as used in the public EnergyPlus validation 
report for consistency and comparability [59]. Under Criterion B, a 
range is created using the maximum and minimum from the reference 
data, adding then a margin of ±1172.3 kWh⋅a− 1 (±4 MBtu⋅a− 1). This 
represents a permissible mismatch that would not be a significant 
change in energy bills. The allowable range is then the widest possible 
range that can be built from the resulting ones from criteria A and B. 

This assessment method can be applied for both the absolute space 
heating demand of each test and to the relative difference between the 
test case and its baseline model. The application to relative differences is 
particularly useful since it is acknowledged that the prediction of ab-
solute energy use is a challenging task at the design stage. What drives 

practical decision-making here is the relative change over a possibly 
biased baseline, and the key performance metric the ability of a model to 
gauge such relative change. 

Since standards do not consider very low energy buildings explicitly, 
we then turn to inter-model comparisons against PHPP v9.6a [22] as a 
complementary point of view because: (i) it is a field-tested tool aimed 
specifically at low-energy buildings that features a negligible perfor-
mance gap [60,61]; (ii) the space heating demand calculation for cer-
tification purposes is the monthly method of ISO 13790 [28], and by 
extension that of the current ISO 52016-1 [38]; and it satisfies 
ANSI/ASHRAE Standard 140 [62]. Incidentally and similarly to ZE-
BRA’s aim, PHPP includes an annual calculation method because “[it] is 
easy to understand and is therefore extremely useful if one wishes to 
evaluate the principle of energy balancing” [22]. However, there is no 
pedagogical or usability advantage to the user since model inputs are 
still those used for the ISO model. We also consider the simpler model for 
completeness. 

Focusing on the level of acceptable disagreement, the goal is to 
recognize at an early design stage that the drafted building has the po-
tential to be a low-energy one. We selected space heating as a key per-
formance metric because it is influenced by design choices and 
characteristics that are difficult and expensive to retrofit. Targets may 
vary, but here we consider as low-energy buildings those that have a 
notional value for space heating demand up to 30 kWh⋅m− 2⋅a− 1 

measured as in the Passivhaus standard. At such constrained space 
heating demands, disagreements between obtained and expected values 
are better expressed in terms of absolute differences (relative ones would 
be artificially exaggerated and meaningless as the energy use might 
approach zero). For example, ASHRAE Guideline 14 [63] suggests 
appraising annual energy in terms of mean bias errors, considering a 
model works satisfactorily if predictions are within 10% of the target 

Table 3 
Description of case-study buildings. * refers to the thermal envelope area and PR to the performance ratio (ratio between the total and useful energy).  

Parameter Unit Case A Case B Case C Case D Case E 

Source – PH Institute Private practice Private practice Private practice Private practice 
Country – Germany England England England England 
Building type – End-of-terrace Detached house Row of 6 houses Detached house Detached house 
Treated Floor 

Area 
m2  156  242  443  224  195 

Envelope area* m2  392  950  1063  858  540 
Ventilated 

volume 
m3  390  606  1108  560  487 

Total glazing 
area 

m2  28  53  47  37  27 

Average U- 
value 

W⋅m− 2⋅K− 1  0.18  0.17  0.19  0.16  0.18 

Specific 
capacity 

Wh⋅K− 1⋅m− 2  204  60  60  60  60 

Form factor –  2.51  3.93  2.04  3.83  2.77 
n50  h− 1  0.2  0.6  0.6  0.6  0.6 
MVHR system – Unit (ηHR = 0.83) outside the 

thermal envelope. Includes 
subsoil heat exchanger (ηHR =

0.93). 

Unit (ηHR = 0.87) inside 
the thermal envelope. 

Units (ηHR =

0.76) inside the 
thermal envelope. 

Unit (ηHR = 0.89) inside 
the thermal envelope. 

Unit (ηHR = 0.87) inside the 
thermal envelope. 

Time constant h  383  76.3  97.6  84.4  104.3 
DHW demand L⋅p− 1⋅d− 1  28.4  25  25  25  25 
Space heating 

and DHW 
systems 

– Electric heat pump (ηheat =

1.79, ηDHW = 1.77) with flat 
plate solar collectors (5 m2) and 
outdoors storage tank (400 L). 

Natural gas boiler 
(ηheat = 0.97, ηDHW =

0.84) with indoors 
storage tank (300 L). 

Electricity with 
indoors storage 
tank (740 L). 

Electric heat pump 
(ηheat = 1.74, ηDHW =

1.95) and indoors 
storage tank (180 L). 

Electric heat pump (ηheat =

1.74, ηDHW = 1.89), flat plate 
solar collector (4 m2) and 
indoors storage tank (300 L). 

DHW PR 
distribution 

–  1.39  1  1.81  1  1.32 

DHW PR 
distribution 
+ storage 

–  2.12  1.22  2.17  1.24  1.65 

PV generation – Roof (66 m2) and south-facing 
external wall (23 m2). 

– Roof (39 m2). Roof (16 m2). – 

Space heating 
demand 

kWh⋅m− 2⋅a− 1  13  18  12  15  15  
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value. For low-energy buildings, if ZEBRA predicts 15 kWh⋅m− 2⋅a− 1 and 
PHPP 10 kWh⋅m− 2⋅a− 1, it would have a mean bias error of (15 − 10)/
10 × 100 = 50%. This is a seemingly large difference, whereas both 
models clearly indicate buildings with low energy demand for space 
heating, particularly compared with building stock averages — UK 
statistics indicate a mean space heating consumption of 135 
kWh⋅m− 2⋅a− 1 [64]. Thus, we select absolute differences of up to ±5 
kWh⋅m− 2⋅a− 1 for predictions under 30 kWh⋅m− 2⋅a− 1 as useful 
early-stage design guideline. For a typical 3-bedroom home in the UK 
(≈85 m2), the allowable error would be 425 kWh⋅a− 1 or about £17 per 
annum if heated by natural gas (4p⋅kWh− 1). 

The analysis considers the PHPP models for five case study buildings 
(Table 3). One is the example included in PHPP and the others are real 
low energy dwellings designed by a UK-based specialist practice. These 
case studies are then simulated in the 559 locations in the world 
included in PHPP to cover a wider range of climatic conditions, creating 
2795 variants per simulation engine (5590 variants in total). Everything 
else is fixed in all variants, since the goal is to obtain a wide range of 
space heating demands. 

2.3. Usability 

Usability is framed as the time it takes designers to use the tool. This 
was measured for new users and then after one subsequent use. The first 
use will take longer because users need to familiarise with the interface 
and read the extensive commentary to inform design and modelling, 
whereas these may be omitted in subsequent uses. Timings will then be 
compared to the self-established limits of 60 min for the first-time use 
and 30 min for the following ones (see hypotheses in Introduction). 

Materials. A detached house and a mid-terrace were selected and 
early-stage design information was given. A blank copy of the ZEBRA 
implementation was created (see Data Access Statement for a copy). 

Design. Participants were timed in the completion of two tasks, A 
and B. In task A, participants saw ZEBRA for the first time, and were 
asked to model the detached house while reading everything. In task B, 
participants modelled the mid-terrace house, reading commentary and 
annotations at will. In both cases, surface areas were given to control for 
differences in building size and complexity. 

Procedure. Participants were tested individually through an online 
survey. The introduction described the experiment and included the 
consent form approved by the research ethics committee. Tasks were 
introduced sequentially and in two screens. The first presented the task, 
its materials, and a field to declare the time before starting modelling. 
Once they declared that the model was finished, they moved to the 
second screen to report how long the modelling took and the time (this 
resulted in two reported durations for the same task; the longest dura-
tion was considered for the analysis). Besides the building, the only 
difference between tasks was that instructions for task A stressed 

commentary and annotations in ZEBRA must be read, whereas this was 
optional for task B. 

To help refine the experimental design, there were two parts to the 
experiment: a pilot and the main study. 

Pilot study. We first conducted a pilot study with four participants 
to gauge timings and estimate sample sizes for the main study. The re-
ported durations were 50, 60, 44 and 40 min for task A and for 20, 30, 10 
and 20 min for task B. Therefore μtask A = 48, σtask A = 9 and μtask B = 20,
σtask B = 8. These means are comfortably below 60 and 30 min 
respectively, with standardized differences of dtask A = 1.8 (±1.2) and 
dtask B = 1.6 (±1.5) (indicative ranges estimated via Monte Carlo sim-
ulations in 100 runs for a sample size of 4). These suggest that a rela-
tively small sample would be sufficient to ask whether using ZEBRA for 
the first and second time took reliably less than 60 and 30 min. A power 
of .80 or more may be achieved with a minimum number of participants 
between 3 and 10 if results of the pilot study are representative (Fig. 4). 

Main study. Participants were recruited as an opportunity sample 
from the nearly 50 students enrolled in post-graduate programs about 
building design at the University of Bath. Participation in the study was 
voluntary and unpaid. The recruitment took place at the end of the 
relevant taught component of the program to control for differences 
between student backgrounds and four volunteered to take part in the 
study (3 females, 1 male). 

3. Results and discussion 

3.1. Design variants – ANSI/ASHRAE standard 140 

Both PHPP (v9.6a) and ZEBRA are within the allowable range in 
ANSI/ASHRAE Standard 140 for absolute space heating demand in-
tensity, whereas results for EnergyPlus v9.5 have not changed signifi-
cantly from those for v8.3 [59] (Fig. 5, Table 4; PHPP refers to the space 
heating demand model after ISO 13790). Despite being in the allowable 
range for absolute space heating intensity, both PHPP and ZEBRA result 
in higher demands than EnergyPlus for energy-intensive buildings 
(space heating demands well above 60 kWh⋅m− 2⋅a− 1), although PHPP 
and ZEBRA values are still meaningful to drive design aspirations. For 
cases specifically targeting low energy buildings (cases with ID starting 
with P), there is good agreement for all models, albeit a small deviation 
for EnergyPlus v9.5 in ID P150A. 

Results for relative differences between cases and their correspond-
ing templates are qualitatively similar to those for absolute space 
heating demand intensity. PHPP fails two tests and ZEBRA three, but 
both do so by a small margin: the biggest absolute difference here is for 
PHPP case P110A at 2.4 kWh⋅m− 2⋅a− 1. This could be due to Charron 
following PHPP’s recommendation for minimum levels of specific heat 
capacity (60 Wh⋅m− 2(TFA)) rather than the actual thermal mass re-
ported in the tests (27 Wh⋅m− 2(TFA)) [65]. Since we could not source 
these models, we tested this assumption with ZEBRA, and moving from 
27 Wh⋅m− 2(TFA) to 60 Wh⋅m− 2(TFA) reduces the space heating in-
tensity by 13 kWh⋅m− 2⋅a− 1. This would have resulted in a difference of 
8.6 + 13 = 21.6 kWh⋅m− 2⋅a− 1, within the allowable range for case 
P110A. Results for EnergyPlus show better agreement in the relative 
tests than for the absolute levels of space heating demand intensity, and 
the changes between v8.3 and v9.5 have generally improved this, 
although foundations thermally coupled with the ground continue to 
feature the highest levels of discrepancy. 

Overall, we conclude that ZEBRA performs correctly under this 
perspective for scoping low-energy buildings at a very early design 
stage, and that forecasts of performance for energy-intensive buildings 
are still useful to drive design decisions despite the disagreement with 
the EnergyPlus variants. 

3.2. Case study buildings in their original climates 

The main interest at the earliest design stages is the breakdown of the 

Fig. 4. Statistical power expected for selected sample sizes (curve labels) across 
different effect sizes values (one-tailed T-test for one sample —participants 
versus the threshold — at a 0.05 significance level). 

D. Fosas et al.                                                                                                                                                                                                                                   



Building and Environment 208 (2022) 108570

10

heat balance of the building and the role space heating demand plays in 
it (Fig. 6). Here, we consider the values obtained for each of the 5 case 
study buildings in their original location (Table 3) according to the ISO 
13790 monthly method as featured in PHPP (hereafter ISO), the interim 
PHPP annual method (hereafter PHPP) and ZEBRA. Detailed analyses 
focus on the ISO method since it is the more precise estimate for space 
heating demand (Table 5). Overall, results depict the key performance 

characteristics of low energy buildings and hinted at the magnitude of 
the components in the balance: high insulation and airtightness, venti-
lation with heat recovery, glazing transmission losses close to or lower 
than solar gains or minimal thermal bridging. Thus, the space heating 
demand is under 20 kWh⋅m− 2⋅a− 1 in every case. 

There can be substantial magnitude differences between the monthly 
methods (ISO, ZEBRA) and the annual one (PHPP) (Fig. 6). For example, 

Fig. 5. Performance of EnergyPlus v.8.3, EnergyPlus v9.5, PHPP v9.6a and ZEBRA as per ANSI/ASHRAE Standard 140 [56] Class II Tests (see numerical results and 
further details in Table 4). 

Table 4 
Performance of EnergyPlus, PHPP-ISO and ZEBRA according to ANSI/ASHRAE Standard 140 [56] Class II Tests for space heating demand (all in kWh⋅m− 2⋅a− 1). 
Criterion A refers to the range built using confidence intervals as per the standard, with this work considering a confidence level of 0.90. Criterion B refers to the 
range using the minimum and maximum values from the reference data and adding the suggested tolerance of ±1172.3 kWh⋅a− 1. Values for EnergyPlus (EP) v8.3 by 
GARD Analytics [59], updated to EnergyPlus v9.5 by the authors and PHPP (v9.6a) by Charron [65]. Highlighted cells show out-of-range values. 
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the PHPP balance is 74% of the ISO one on average over these 5 case 
studies. This results in greater non-useful heat gains in the ISO method 
than in the others since the space heating demand is almost identical in 
every case. If non-useful heat gains were disregarded in the ISO method 
and incidental and solar gains were scaled to preserve the heat balance, 
the relative importance of components in the breakdown would be 
qualitatively the same for all. This is essential, as it is this what helps 
inform strategies in the design process. 

ZEBRA’s average balance in these 5 case studies is 93% of the ISO 

one. This can be explained by noting that losses are directly proportional 
to the heat loss coefficient and Gheat . Heat loss factors have been pur-
posefully simplified compared to PHPP to make ZEBRA more accessible. 
Indeed, the total fabric heat loss is 5% smaller in ZEBRA (Table 5, Fig. 7- 
a). This difference expresses the error introduced when simplifying the 
algorithm to create ZEBRA, and it is a reformulation of the first hy-
pothesis this study tests: that a simpler model can be built without a 
significant loss in accuracy. Behind this difference in total fabric heat 
loss there is the fact that, for instance, ZEBRA does not include the 

Fig. 6. Heat balance breakdown (kWh⋅m− 2⋅a− 1). The reference line indicates the space heating demand for ISO. Incidental gains include metabolic and electrical 
heat gains. 
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underground heat exchanger in Case A, which makes its results 34% 
bigger for ventilation losses. Yet, this is not critical as the absolute 
magnitude of the error is 1 kWh⋅m− 2⋅a− 1 and contributes little to the 
balance of 40 kWh⋅m− 2⋅a− 1 (Case A in Table 5 and Fig. 6). There are also 
noteworthy differences in the available solar heat gains. Glazing units in 
the original models (ISO/PHPP) were modelled in ZEBRA as squared 
openings with equivalent hole areas, one per orientation, and an overall 
average frame width. This can alter glazing areas but also available solar 
radiation, depending on the original distribution of frame-to-glazed 
areas. Internally, there are further differences between ZEBRA and 
ISO, mainly that there are no corrections for convective and radiative 
heat exchanges or that solar heat gains through opaque elements of the 
envelope are also neglected. 

The net effect of all these differences and their significance can be 
ascertained by comparing the resulting values for space heating de-
mand. Considering the values from ISO as the reference, PHPP ones have 
a mean difference of 1 ± 0.6 kWh⋅m− 2⋅a− 1 and ZEBRA 1 ± 0.3 
kWh⋅m− 2⋅a− 1 (5 cases). There are no apparent systematic biases in the 
results other than space heating demand being slightly overestimated 
(on the safe side when it comes to early-stage design, and thus deemed 
acceptable), and ZEBRA correctly identifies low-energy buildings in this 
sample. To augment the sample size and generalise the results for 
ZEBRA, the case study buildings are also simulated in selected locations 
in the world to appraise the space heating demand in the next section. 

Regarding the space heating energy consumption, values in ZEBRA 
are within ±2.5 kWh⋅m− 2⋅a− 1 of the values in ISO (Table 5). Discrep-
ancies here arise not only from the energy demand but also the losses (e. 

g., distribution of hot water to radiators) and the auxiliary energy. These 
are only partially considered by default in ZEBRA (it considers the en-
ergy for MVHR fans, but no defrost units or space heating distribution 
losses; these could be accounted for if the user knows approximate 
values, like a performance ratio). Considering their limited effects, 
ZEBRA is still well within ±5 kWh⋅m− 2⋅a− 1 and subsequent calculations 
for the carbon intensity and the primary energy demand just echo up-
stream mismatches. 

The results for DHW feature similar characteristics to those for space 
heating. Here, useful heat values are almost identical in every case 
(Table 5, Fig. 7-d). The values for the DHW demand in ZEBRA are within 
±0.5 kWh⋅m− 2⋅a− 1. Distribution losses here are important and can be 
dramatically influenced by the design. The best-case scenario would be 
no distribution losses, achieved by producing DHW next to the point of 
consumption (e.g., cases B and D have a performance ratio for distri-
bution losses of 1, Table 3). If the distance between generation and 
consumption increases, so do losses. This can be mitigated with low 
volume pipes and adequate insulation levels, but despite these, original 
performance ratios vary between 1.32 and 1.81 in the other cases 
(Table 3). In addition, the losses of DHW storage tanks adds between 
+0.22 and + 0.36 for indoor tanks and +0.73 for outdoors to the overall 
performance ratio in these case studies. The result is that the energy 
demand for DHW can more than double the useful energy (i.e., losses 
represent more than 50% of the final energy consumption). In Case C, 
such poor performance is mainly attributed to a long distribution sys-
tem. In Case A, the main reason is the location of the storage tank outside 
the thermal envelope. In terms of DHW consumption, ZEBRA does not 

Table 5 
Comparative of key indicators in ISO (original) and the ZEBRA variant. Not Applicable (NA) values arise in cases with no PV panels (no generation). Background 
colour for cells in column ‘ZEBRA/ISO’ varies from blank (if the ratio is equal to 1) to red (if the ratio is equal to 0 or 2), varying linearly for values in-between. 
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account for the presence of solar thermal panels, although they could be 
factored in through the efficiency of the system or as a generation offset, 
none of which have been attempted here (Fig. 7-f). This would only 
affect Cases A and E, but we find this simplification of the solar thermal 
panels to be a minor contributor to the potential discrepancy that would 
be caused by neglecting distribution and storage losses. Discrepancies 
then propagate to the carbon intensity and primary energy results 
(Table 5). 

Lastly, ZEBRA allows for estimating plug loads energy (Fig. 7-b), and 

on-site PV generation (Fig. 7-c). There is a near-perfect agreement in 
plug loads because there are no significant losses and thus, demand and 
consumption are identical. PV systems do entail losses due to the 
inverter and possibly shading, here considered to be the same for both 
models. In addition, ZEBRA only considers solar radiation falling on a 
single array (horizontal by default) to estimate PV generation. Here, 
there is a good agreement for the cases that include PV (Cases A, C and 
D) despite simplifications in ZEBRA. In Case A, PV generation is over-
estimated 13% (Table 5) as this case includes a second PV array in a 

Fig. 7. Selected key performance indicators in ISO (original) and ZEBRA variant.  

Fig. 8. Overview of selected locations. (left) Locations considered (n = 559); (right) Heating degree hours Gheat (kKh⋅a− 1) (ZEBRA = ISO, R2 = 1).  
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different, sub-optimal orientation (Table 3), which ZEBRA considers as 
having the same properties as the first array. 

3.3. Space heating demand in other locations 

Systematic differences between ISO and ZEBRA due to the way cli-
matic data are considered need to be examined to show the above per-
formance is realistic elsewhere in the world (i.e., related to calculation 
of heating degree hours and available solar radiation). Hence, we 
simulate the sample in every location available in PHPP (dataset 
approved for PH certification, Fig. 8) without changing other building 
characteristics. Regions with non-zero heating degree hours include a 
wide range of locations, from the 0.15 kKh⋅a− 1 in places like Dubai 
(United Arab Emirates) to the 226 kKh⋅a− 1 in Dawson (Canada). 

The comparison of space heating demands is consistent with previ-
ous findings (Fig. 9). Results show a strong linear relationship, with 
average values close to the line of perfect agreement as shown by the 
regression line, quantified by its coefficients, and highlighted by the 
residuals. The summary statistics of the residuals μ = 0.9 and σ = 0.6, 
further stress this, and thus all variants are within ±5 kWh⋅m− 2⋅a− 1. To 
appraise structural patterns in the residuals a LOWESS fit is considered. 
This creates a curve that reflects the influence of neighbours at each 
point. Here, residuals are equally distributed around 0 up until about 60 
kWh⋅m− 2⋅a− 1 and, beyond this, there is a minimal but discernible 
deviation. 

As ZEBRA deals with low-energy buildings, the region of interest is 
that of space heating demand under 30 kWh⋅m− 2⋅a− 1. The 2154 variants 
in this region (77% of the total) show an even closer fit to ISO values and 
are within ±5 kWh⋅m− 2⋅a− 1 (summary statistics of the residuals μ = 0.8 
and σ = 0.6). At extremely small values of space heating demand in 

PHPP residuals concentrate at the limit, 0 kWh⋅m− 2⋅a− 1. 
Overall, we conclude ZEBRA is indeed able to predict space heating 

demand for low energy buildings within ±5 kWh⋅m− 2⋅a− 1, with results 
also suggesting that if a proposal is not a low-energy under ZEBRA, it 
will not be low-energy in PHPP either. 

3.4. Usability 

The results for the usability tests suggest that ZEBRA takes much less 
time to use than the self-imposed thresholds of 60 min for first use and 
30 min for subsequent ones (Table 6). The statistical analysis further 
quantifies the large margin by which the goal has been achieved. The 
study was run with 4 participants, fewer than what would have guar-
anteed adequate statistical power based on the pilot study. Yet, results 
for the main study feature smaller averages and standard deviations and 
the effect size is thus larger than anticipated, reducing the number of 
samples needed in practice to test the null hypotheses. Power analysis 
(alpha = .05, power = .80) suggested that a sample of 4 would permit 
analysis of effects with d = 1.65 or above. As such, our sample ought to 
be sufficient given the gross nature of the time differences we saw. 

These results indicate that using ZEBRA takes less time than inten-
ded. The high values for Cohen’s d in Table 6 — indicative guidelines 
consider as large d values starting at 0.8 [66] — just signal that the study 
had either unambitious aspirations for the time it takes to use ZEBRA or 
that the algorithm could be expanded to refine estimates of performance 
while still being under selected limits. Considering its remit, we suggest 
focusing on preserving the current complexity and reducing as much as 
possible the time it takes to use the tool to facilitate the uptake by 
designers. 

Fig. 9. Comparison of space heating demand (kWh⋅m− 2⋅a− 1) in selected locations in the world (Fig. 8). (a) Overall comparison, with fitted line ZEBRA = 1.01⋅ ISO +

0.62 (R2 = 0.99); (b) Zoomed view of the region of low energy buildings; (c) Residual distribution, with all cases within ±5 kWh⋅m− 2⋅a− 1. 

Table 6 
Usability: experimental results, description, and analyses. Sample size n = 4, degrees of freedom n − 1. Normality test is after Shapiro-Wilks (the null hypothesis being 
that samples came from a normally distributed population). The T-test is for one-sample (H0: null hypothesis, T: T statistic; UT: upper threshold for the 95% confidence 
interval; d: Effect size after Cohen’s d).  

Case Samples [min] Summary [min] Normality test T-test 

1 2 3 4 μ σ W p-value H0 T UT [min] p-value d  

Task A 30 42 26 40 34.5 7.7 0.895 .41 μ≮60 min  − 6.6 44 ≪.05  3.3 
Task B 17 20 14 18 17.3 2.5 0.981 .91 μ≮30 min  − 10.2 20 ≪.05  5.1  
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3.5. Limitations and future perspectives 

ZEBRA has been developed to scope low-energy buildings (those 
with a space heating demand under 30 kWh⋅m− 2⋅a− 1) that are assumed 
to be regularly occupied throughout the year in heating-dominated lo-
cations. The characteristics of which allow for a simplified model while 
retaining a physics-based approach. 

Moving forward, and considering the time it takes to use ZEBRA at 
present, future developments may:  

1. Consider large scale testing and input from user groups to meet their 
needs and assess the extent to which ZEBRA can help upskill them. It 
would be particularly interesting to evaluate short-term and long- 
term influences it could have, for example, immediate changes to 
the way practitioners approach building design, potential effects via 
legacy learning or resilience against unrealistic modelling 
assumptions.  

2. Extend core functionality. For example, estimating space cooling 
demand or overheating under free-running conditions, adding sup-
port for solar thermal panels, or the possibility of specifying PV ar-
rays with different characteristics.  

3. Evaluate the influence of parameter estimates. The study assumed 
that factors such as the year-round heat pump efficiency could be 
estimated at an early design stage. This is congruent with its scope, 
which is identifying the potential to deliver a low-energy and low- 
carbon building early on and bring issues forward, like relying on 
a particularly good heat pump to meet goals rather than minimizing 
energy demands. Yet, performance estimates may be particularly 
sensitive to such assumptions. Quantifying the likely influence 
modellers have under the same circumstances could help better un-
derstand the relative merits of a literate approach to modelling. 

4. Expand the scope towards whole-life carbon evaluation. ZEBRA in-
cludes estimates for operational (B6) and upfront embodied (A1-5) 
carbon emissions. Future developments could include additional life 
cycle stages, indicators other than CO2e or a more detailed upfront 
embodied carbon module.  

5. Consider different modelling environments. Currently a spreadsheet, 
ZEBRA could be implemented in other environments such as CAD/ 
BIM to facilitate modelling as the design evolves [67]. However 
much of its attractiveness is in its use prior to the normal use of such 
tools, when only the roughest idea of the design exists. 

4. Conclusions 

There is an urgent need to shift to very low-energy and very low- 
carbon buildings to transition to a decarbonised society. Despite a 
long history of energy efficiency, only moderate reductions in energy 
consumption have been achieved at scale in new buildings, while 
embodied carbon remains largely overlooked. Thus, the average per-
formance of new builds remains particularly worrying considering 
growth in construction rates and affluence. To help address this, we 
introduced ZEBRA, a new algorithm to help design high-performing 
buildings right from the initial stage, when no engineering appoint-
ments have been made, or on projects where modelling is not common 
(e.g., housing). It leverages a literate modelling approach to help inform 
decisions early in the design process under the assumptions of low en-
ergy demands and regular occupancy. 

The study dealt with the performance of ZEBRA from two points of 
view. The first was its ability to capture operational energy performance 
based on only approximately 33 inputs that are likely to be available 
early on. Here, a quasi-dynamic thermal model is particularly apt to 

appraise operational performance because the characteristics of low- 
energy buildings promote stable indoor temperatures. Predictions of 
performance by ZEBRA were tested against those of ISO 13790 and 
PHPP using 5 case study buildings, simulated in 559 locations around 
the world. Results showed that the performance of low-energy buildings 
(those with a space heating demand under 30 kWh⋅m− 2⋅a− 1) could be 
predicted within ±5 kWh⋅m− 2⋅a− 1. The performance of the upfront 
embodied carbon module is not applicable to validation as it is based on 
the parametrisation of recently published benchmarks, however this in 
some respect means it comes pre-validated. The second point of view 
was usability, measured by the time it takes designers to use ZEBRA. 
This involved a field-study with 4 participants from relevant post-
graduate programmes. Results indicate that it takes much less than 60 
min to use the tool for the first time to have early stage estimates of 
energy use, the carbon footprint and whether the building could be 
made zero-energy from roof mounted PV. Subsequent uses of the tool 
were estimated to take much less than 30 min to complete. 

Overall, these results suggest that there is indeed value in ZEBRA as a 
scoping tool for net zero buildings very early on in the design cycle. It 
should not be conceived as a substitute of the well-established rigorous 
approaches. Rather, the potential value of ZEBRA is in initiating users to 
very low energy design, upskilling and estimating energy and environ-
mental building performance before it is too late or too expensive to 
rectify. This is achieved by breaking down the main barriers to model-
ling by architects at the very initial stage: software complexity and 
specialist knowledge. 
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