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ABSTRACT 

Traditional modelling approaches have treated 
building and plant systems as existing in distinct 
domains, with quasi-steady state assumptions 
typically applied on the plant side. This paper 
discusses the benefits of treating the building/plant 
system as a single, integrated, high-resolution 
domain thereby adding plant-side thermal mass 
within the building and enabling the application of 
key physical process models that are already 
available for building models to plant components – 
such as explicit radiation exchange and fluid 
movement modelling. The approach taken is to 
establish a high-resolution building/plant model 
suitable for simulation by the ESP-r program in order 
to illustrate the performance appraisals then enabled. 
By applying simplifications that represent modelling 
approaches as generally practiced, the paper draws 
attention to the benefits of the unified, high-
resolution approach. The contention is that tool users 
need to demand better support for high-resolution 
building modelling, while tool developers need to 
agree mechnisms to provide this support. The paper 
concludes by briefly discussing the implications of 
high-resolution modelling for future extension of the 
building information model to support life cycle 
performance appraisal, and for the maintenance of 
compatibility with the design process given the 
increased computational burden. 

INTRODUCTION 
Since its inception, Building Performance Simulation 
(BPS) has been on a development trajectory toward 
the high-resolution representation of problems at 
various scales – from the features comprising a low 
energy building, to the complexities underlying a 
community with disparate building types and an 
embedded means for energy production (Clarke and 
Hensen, 2015). Supporting such representations will 
require modelling refinements relating to aspects 
such as hybrid systems operation, smart grid 
interaction, occupant behaviour, and energy demand 
manipulation by external agents. These developments 
will drive the need for a closer coupling of the 
building and plant models. (Here, the term ‘plant’ 
refers to both the equipment that generates the 
required  energy  and  the  associated   distribution  

 
 
system.) In the early days of BPS development, the 
building and plant modelling domains were 
processed independently, with the building treated  
dynamically because of the large time lag associated 
with its construction materials, and the plant treated 
in a pseudo-steady state manner on the basis of 
empirical parameters provided by component 
manufacturers (e.g. boiler efficiency or heat pump 
coefficient of performance). 
While many refinements have been introduced over 
time to address the deficiencies of the decoupled 
approach, most BPS tools still have a degree of 
decoupling and operate with manufacturers’ data 
corresponding to standard test conditions. Indeed, it 
is normal for a given BPS tool to employ different 
mathematical approaches to the building and plant 
domains. While the former is treated in a dynamic 
manner, albeit with some simplifications imposed 
(e.g. one-dimensional conduction and fully mixed 
zone air), the latter is often treated as a succession of 
steady-state solutions with time-invariant component 
parameters imposed. While this approach captures 
the logic of plant behaviour, it does not represent the 
plant objects themselves as is done with building-side 
objects. This approach has been justified on the basis 
that thermal capacity effects in plant components are 
an order of magnitude smaller than within the 
building fabric. This is questionable when 
considering technologies such as thermal storage for 
renewable energy supply/demand matching, ground 
source heat pumps, solar thermal systems, and 
control action imposed on highly coupled systems to 
effect demand management. 
This paper explores the consequences of this 
disparity of treatment within and between the 
building and plant domains with the objective of 
addressing a core question: Could the existing and 
emerging mathematical methods, as so successfully 
used to treat buildings as a dynamic, non-linear, 
systemic and stochastic problem domain, be applied 
with equal success to plant systems? The paper also 
explores the consequence of omitting significant 
features such as building contents, stochastic 
occupant behaviour, thermal bridging and local 
electricity network interaction on the applicability of 
the performance outcomes to design support. 
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SIMULATION APPROACH 
The approach taken to illustrate the significance of 
the above issues is to establish a high-resolution 
ESP-r model of a dwelling when serviced by an 
enhanced efficiency wet central heating system for 
space and water heating, a solar thermal collector for 
supplementary water heating, and/or a photovoltaic 
(PV) array for local electricity generation. This is an 
emerging configuration for low energy dwellings in 
the UK. The focus here is on the phenomena 
underlying such a problem that are usually simplified 
in BPS application: boiler dynamics, contents 
thermal inertia, indoor air quality, thermal bridge 
elimination, occupant behaviour, and low voltage 
grid connection. The message of the paper is that 
BPS will realise its potential only when it is able to 
emulate reality in a manner that allows design 
proposals to be subjected to the characteristic (and 
complex) influences experienced in practice. 
During an ESP-r simulation, the whole-system model 
is subdivided into finite volumes, each represented 
by conservation equations relating to energy, mass 
and momentum as appropriate. These equations are 
solved simultaneously by numerical methods to 
obtain the spatial distribution of state variable values 
and their variation over time. In the approach, there is 
no differentiation between the mathematical 
treatment of the building and plant. Each has 
interacting energy flows associated with material 
conduction and moisture flow, surface convection, 
inter-surface radiation, intra-space fluid movement 
and electricity flow. For example, the rooms within 
the dwelling and the boiler combustion chamber are 
thermodynamically equivalent differing only in the 
nature of the heat source – generation of heat by the 
slow oxidation of a fuel (food) as associated with 
occupants in the former case and by the rapid 
oxidation of a fuel (natural gas) in the latter case. 
Further, and significantly, control action influences 
the whole-system model by driving parameter 
adaptation in response to the changing system states 
and linking hitherto disconnected problem parts (e.g. 
the power from the PV array is delivered to the 
electrical system, while any generated heat is 
absorbed by the building fabric or a ventilation heat 
recovery device. 
By degrading this high-resolution model (e.g. by 
imposing published boiler efficiency factors or 
removing content capacity), it is possible to emulate 
the lower order modelling approaches as embodied in 
present BPS tool applications (including ESP-r) and 
thereby characterise the inherent loss of appraisal 
capability and realism. Since this loss is 
demonstrated to be significant, the implication is that 
tool users require better support for plant component 
representation with, for example, equipment 
efficiency delivered as an output rather than required 
as an input corresponding to performance data 
produced under test conditions that will not prevail in 

practice. How BPS tools can be enhanced to provide 
this support in future is, of course, a moot issue. 

HIGH-RESOLUTION ESP-r MODEL 
Figure 1 illustrates the high-resolution ESP-r model 
established as a connected set of objects representing 
building, plant and control system parts with gridding 
constructs imposed as required by the underlying 
mathematical theories. This model is provided as an 
exemplar within the ESP-r distribution available at 
https://github.com/ESP-rCommunity/ESP-rSource. 
A benefit of the approach is immediately obvious: 
the ability to visualise the entire physical model and 
apply image-related manipulations to check 
contiguity and assess visual-related performance in 
an integrated manner. Model highlights include: 
 representation of all plant and control system 

parts as objects explicitly located within the 
dwelling to support building/plant 
thermodynamic interactions and the simultaneous 
solution of the combined model; 

 inclusion of building parts such as crawl space, 
ceiling voids and thermal bridges at exterior 
junctions; 

 inclusion of internal features such as furnishings 
and stairs that add significant thermal mass and 
affect longwave radiation exchange and 
shortwave radiation distribution; 

 a multi-volume (node) representation of the 
condensing boiler, solar thermal collector and PV 
array that does not require efficiency factors as 
input; 

 imposition of computational fluid dynamics 
(CFD) domain models on a dwelling zone and the 
boiler combustion chamber to support comfort/air 
quality and firing/emissions studies respectively; 

 a multi-volume representation of the hot water 
store to evaluate approaches to dual heat source 
control and unintentional heat leakage avoidance; 

 inclusion of a PV component model with a 
connection to the local low voltage network to 
support grid interaction evaluation; 

 control action comprising multi-zone temperature 
sensing and solar water heating priority with 
explicit placement of heating system control  
thermostats; 

 imposition of air, water and electricity flow 
networks with parameter adjustments that are 
responsive to dynamic boundary conditions and 
control system signals; and 

 explicit representation of occupant behaviour in 
relation to IT usage and heating system control 
adjustment. 

This approach ensures that ESP-r treats the problem 
as a coupled dynamic system, with model parameters 
re-established at each computational time step as a 
function of the evolving values of the variables of 
state, and with control actions applied based on 
sensed conditions with appropriate inherent time lag. 
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While modelling at this level is certainly a non-trivial 
activity at present, the paper’s contention is that the 
effective overall performance of systems as complex 
as buildings will only be attained when BPS evolves 
to provide a virtual reality framework for options 
appraisal at the design stage. 

COMPUTATIONAL APPRAISAL 
The project reported here considered 4 modelling 
scenarios corresponding to the high-resolution 
modelling case and alternative model reductions 
applied to represent simplification approaches that 
are often taken in practice. 
 S0: the high-resolution case giving performance 

outputs that are either absent or required as input 
in the degraded scenarios. 

 S1: as S0 but with no CFD model associated with 
the boiler combustion chamber and the explicit 
boiler model replaced by a simplified model that 
relies on empirical data defining boiler efficiency. 

 S2: as S0 but with steady-state plant behaviour 
imposed and the removal of internal dwelling 
features that add significant thermal mass. 

 S3: as S0 but with the removal of explicit 
occupant behaviour modelling. 

The following section reports the outcome from one-
week simulations corresponding to a typically cold 
condition within a UK heating season. Outputs in 
each case include boiler energy consumption and, 
where appropriate, gross efficiency. Note that the 
intention is not to comment on performance, good or 
bad, of the case studied but to illuminate the 
functionality loss and impact of imposing modelling 
assumptions that are not representative of reality. 

OBSERVATIONS 
Table 1 lists the comparative results for each scenario 
over the one-week period simulated. What follows is 
a summary of the significant implications that arise. 
 

Table 1 Impact of model degradation. 

 BOILER ENERGY 
CONSUMPTION 

(kWh) 

GROSS BOILER 
EFFICIENCY 

(%) 
S0 545 90 
S1 487 95 
S2 - - 
S3 468 - 

 
The first implication is that only the high-resolution 
model is able to deliver information on boiler 
emission and operational efficiency since the 
combustion chamber has an active CFD domain 
linked to a model of the condensation heat recovery 
process. As building regulations in the UK now 
mandate the use of condensing boilers, and as low 
temperature heat distribution systems (e.g. 
underfloor) integrated with other low temperature 
heat sources (e.g. heat pumps and solar thermal 
systems) become the norm, the importance of 

carefully considering the performance of boilers in 
the condensing range is paramount. In the S0 
simulation, the flame is explicitly modelled so 
complex, temperature-dependent chemical reactions 
that typify various modes of pollutant production 
(NOx, CO2 etc.) can be studied and flue gas 
recirculation technologies assessed. This is 
particularly applicable to the study of emissions 
reduction from gas, oil and wood burners. In the 
present study, a methane-fuelled burner is considered 
with a condensation-enabled heat exchanger. 
Figure 2 shows the temporal variation of boiler 
efficiency, combustion chamber temperature, boiler 
water temperature, and return water temperature over 
a period of five hours corresponding to a typical 
boiler start-up event, with boiler water temperature 
rising from around 20°C to its set-point of 80°C, 
followed by regular on/off cycling of the burner.  The 
average temperature of the flue gases in the 
combustion chamber fluctuates as the burner 
operates, reaching a peak of around 300 C.  Note that 
the boiler efficiency continuously varies depending 
on the firing rate, return water temperature, and heat 
exchanger temperature. 

 
Here, boiler efficiency is determined as the 
instantaneous ratio of heat output to fuel input. 
Because of the dynamic thermal interactions 
occurring within the boiler, these time-step level 
values are actually quite meaningless, Only the 
average value over some period of time (typically 
days) can convey a true indication of the fuel 
conversion effectiveness. This so-called efficiency 
drops at times when the return temperature rises 
above the dew point temperature of the flue gas; such 
behaviour often occurs during the morning heat-up 
period. Occasionally, the instantaneous efficiency 
rises above 100%, indicative of the situation where, 
over a short duration, the burner may be off but heat 
is still being extracted from the water side of the heat 
exchanger (a manifestation of system dynamics).  

Figure 2 Temporal variation of boiler efficiency, 
combustion chamber temperature, boiler water 

temperature and return water temperature. 
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On other occasions, such as start-up from cold, the 
burner is firing but little heat is being extracted from 
the cold water system so efficiency is low. Such 
behaviour will typically result in significantly 
different overall performance compared to that 
predicted by using fixed values as embedded in 
regulatory codes such as SAP (2015) and is a graphic 
illustration of the gross simplification assumed in the 
S1 scenario. The difference in the predicted energy 
consumption is here 11% (Table 1) but may be 
significantly greater with biomass boilers where there 
are complex issues to be considered. 
Further, this study has focused on a typical winter 
week when average boiler efficiency will be closer to 
published data. Such deviations will increase for the 
case of annual simulations, or where the boiler 
capacity is incorrectly sized. 
Figure 3 shows two combustion chamber temperature 
distribution snapshots corresponding to different 
levels of stoichiometric excess air. 

 
These temperature distributions are significantly 
different. With close control of excess air, a 
maximum flame temperature of 900 C is predicted, 
indicating that with a pre-mix burner, NOx emissions 
should be well controlled. In the uncontrolled excess 
air case, the flame temperature rises to 2,000 C, 
raising concern about increased rates of NOx 
emission and possibly CO and particulates. These are 
current issues for biomass boiler design in particular. 
Clearly, the high-resolution model supports such 
emission-related studies, including the production of 
animations showing the change in emission over time 
or under specific operating conditions. 
This appraisal functionality is absent in the S1 
scenario where the boiler CFD domain is removed 
and efficiency is treated as a model input 
corresponding to a standard test condition; a typical 

modelling assumptions. Many questions arise from 
this simplification: most significantly, who is 
responsible for ensuring that the prescribed 
efficiencies are an adequate representation of what 
will happen in practice? Moreover, how can such a 
degraded model support user understanding of how 
the proposed system is likely to operate in practice as 
the prerequisite of effective design decision-making? 
The comparative results for the S0 and S1 entries in 
Table 1 highlight the dilemma in quantitative terms: 
the results for the S1 model corresponding to 
optimistic performance expectations, which may not 
be realised in practice and therefore fail to meet 
design expectations. 
A CFD domain has also been imposed on the lounge 
zone and Figure 4 shows the predicted mean age of 
air, which further highlights the enhanced appraisal 
functionality of the S0 model.  This, along with 
comfort-related metrics (temperature, air speed, 
draught, CO2 concentration etc.), support an 
assessment of thermal comfort and air quality. In this 
case, it is evident that poor air quality is not an issue 
since the space is effectively vented (i.e. a low mean 
age of air distribution). 

The next issue addressed is a local one: even in new-
build situations, construction details at junctions 
often create thermal bridges, which degrade 
performance. As indicated in Figure 1, the high-
resolution model includes enhanced spatial resolution 
around a constructional element to support the 
elimination of any thermal bridging that might cause 
condensation and surface mould. Analyses outcomes 
such as the one depicted in Figure 5, along with 
corresponding near-surface temperature and moisture 
outputs from the adjacent space CFD domain model, 
support the mitigation of fabric deterioration and 
poor air quality alongside consideration of occupant 
thermal/visual comfort and whole system energy use, 
emissions and controllability. This ability to switch 
the appraisal focus between issues at different scales 

 

Figure 3 Boiler combustion chamber temperatures 
with close excess air control (left) and poor excess 

air control (right). 

 

Figure 4 Local mean age of air in the lounge. 
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to establish acceptable performance trade-off is a 
unique feature of integrated, high-resolution BPS. 
 

  
Figure 5 Thermal bridge assessment. 

 
The S0 model also incorporates a PV array and a 
representation of the connection to the low voltage 
(LV) electricity network to enable consideration of 
building-integrated micro-generation. In the UK, 
over 2.5 GW of PV roof top panels have been 
installed since the introduction of the Feed-in Tariff 
in 2010 (FIT, 2015). Where electrical demand is 
supplied by local PV generation, the load visible to 
the network diminishes significantly during periods 
of high solar insolation. Indeed, where sufficient 
renewable capacity exists, a building or community 
may become a power source for the network when 
generation exceeds local demand. Given the 
dynamic, fluctuating nature of solar radiation in the 
UK context, a building may switch rapidly from 
being a load to a power source. 
The rapid expansion of renewables at the small and 
large scales and the changing nature of building 
energy demand pose challenges for utilities as they 
attempt to maintain a reliable and high quality power 
supply to consumers. Potential issues include voltage 
rises due to excessive power export from PV, 
increased losses and thermal failures in the LV 
network due to high power flows attributable to PV, 
and less predictable domestic and community 
demand profiles leading to problems in power system 
stabilisation.      
Further, utilities are presently exploring demand 
management as a means to maximise the utilisation 
of local renewable generation, help stabilise local 
network operation and improve power quality.  
Demand management mechanisms include: 
 direct intervention (e.g. Strbac, 2008) in which 

the utility takes control of flexible loads such as 
electrical space and water heating; 

 demand response (e.g. Palensky and Dietrich, 
2011) in which consumers are expected to adapt 
their behaviour in response to price signals; and 

 domestic energy storage in which capacity-
enhanced space and water heating appliances are 
charged in a manner that absorbs excess 
renewable energy generation (Clarke et al. 2014). 

The problem is now intrinsically dynamic with causal 
relationships existing at a range of scales from the 

small (power quality regulation) to the large (thermal 
storage fluctuation). The inclusion of an explicit 
electrical network model allows consideration of 
such issues alongside the other factors that will affect 
the overall acceptability of a proposed building 
design, most notably occupant satisfaction. 
The S0 model incorporates a 4 kW PV array with the 
generated power supplied to an electrical network 
model to which is also connected the dwelling’s 
electrical loads. This is the average size of domestic 
PV installation appearing under the Feed-in Tariff. In 
ESP-r, PV panels are modelled explicitly, with the 
physical construction of the panel treated in the same 
manner as constructional elements within the 
building model. The PV model uses the calculated 
solar insolation for the surface, the surface 
temperature and an electrical model of the solar cells 
to calculate the time varying voltage and current. 
The S0 model was simulated over a week in summer 
at 1-minute time resolution, the irradiance data being 
modified using the approach outlined by Hand et al. 
(2014) to reflect the variability in solar radiation over 
short time scales. 
Figure 6 shows the predicted simulated power flows, 
highlighting the fluctuation of power between the 
consumer and LV network and significant power 
export (indicated as negative power); such a result 
indicates the need for load control and various 
approaches could then be studied using the S0 model. 
 

 
Figure 7 illustrates the effect of electricity 
import/export on the supply voltage to the dwelling; 
here the voltage drops as load increases and rises 
with export of power to the LV network. 
The electrical model can be applied at the individual 
building or community scale. To illustrate the latter, 
similar PV arrays on 200 houses were simulated (i.e. 
a portion of the S0 model is scaled) and Figure 8 
shows the simulated voltage levels with and without 
PV generation. Such an output highlights a potential 
problem: the tendency for general voltage levels to 
rise in PV-rich sections of the network. PV in a small 

Figure 6 Electricity import/export for a dwelling 
equipped with a 4 kW PV array (summer day). 
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geographical area will tend to be synchronised with 
solar radiation, whilst the demand will be subject to 
load diversity. Consequently, significant surplus 
power can be available at times of relatively low 
demand leading to voltage rises in the LV network, 
with the increased risk of voltage levels exceeding 
tolerances (230 V +10%/-6% in the UK).  

 

 
The next implication considered arises from the S2 
results. In this case, the additional thermal mass 
associated with dwelling contents and plant 
components are absent resulting in significantly 
different response times and control system decision 
path as shown in Figure 9. Here the different room 
responses corresponding to the S0 and S2 simulations 
result in markedly different heating requirements 
(dashed lines). This situation typifies the usual 
application context for BPS, with users offered no 
convenient way to populate models with content 
objects and forced to employ component models that 
apply the logic of the plant system but do not 
represent their composition as is done on the building 
side. Such a model is destined to deliver incorrect 
response times and temperature excursions that might 
lead to the inappropriate introduction of mechanical 

plant or a false impression of control robustness 
leading to post occupancy disappointment. 

 
Occupant behaviour also has a major impact on the 
energy performance of buildings as indicated by the 
S3 results. Different individuals behave in ways that 
reflect preferences that depend on circumstances. To 
capture this important aspect of reality it is necessary 
to include an explicit model of occupant behaviour: 
such models are already available in some BPS tools 
and the next generation is presently being compiled 
for use with BPS generally (IEA 2015). 
Typically, occupant behaviour follows a prescription 
in BPS application. Figure 10 shows a possible 
impact on room temperature of occupants turning off 
radiators in response to an initial temperature rise 
caused by extraneous factors. The difference between 
the simulation results in the present study is marked, 
corresponding to a 15% increase in energy 
consumption (Table 1). This underlines the 
importance of respecting the stochastic aspect of 
occupant behaviour. 
 

Figure 7 Voltage excursions with power 
import/export. 

Figure 8 Supply voltage for a 200 dwelling  
community with (right shifted profile) and 

without PV arrays. 

 
Figure 9 Impact on heating load of additional 

thermal mass removal (lower dashed line) for a 
given temperature set-point (solid line). 

 
Figure 10 Impact of occupant behaviour on room 

temperature with (more variable curve) and 
without stochastic considerations. 
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DATA MODEL IMPLICATIONS 
Clarke et al. (2012) have reported the data 
requirements of the performance domains 
incorporated in the S0 model but which are missing 
at present from building information models. 
Rectifying this situation is the essential prerequisite 
of a computational approach to design in which 
simulation provides the means to facilitate 
understanding of complex systems.  
Additional resolution should have little or no time 
implications for model creation as long as future 
tools have access to pre-constructed, parameterised 
models relating to the additional physical and 
mathematical aspects of building performance 
simulation. Examples relating to the issues 
considered above include: 
 detailed space content and plant component 

models to further attribute the building model 
defined via a CAD interface; 

 network flow models corresponding to typical 
cases (e.g. single-sided natural ventilation, rooms 
surrounding an atrium, displacement ventilation, 
hydraulic heating, low voltage electrical networks 
etc.) to define the intra- and inter-connections 
between building and plant parts; 

 CFD models for association with problem parts 
that require high resolution representation (e.g. 
boiler combustion chamber, thermal storage 
tanks, building zones, urban canyons etc.); and 

 control networks connecting sensor and actuator 
points throughout the unified model via linkages 
representing the required control actions. 

In the absence of such parameterised models, it is 
unlikely that building performance simulation will 
attain its true potential: to allow practitioners to 
establish robust design solutions, in the face of 
thermodynamic complexity and operational 
uncertainty, by exposing proposed solution to the 
complexity of the problem domain. 

COMPUTATION IMPLICATIONS 
While high-resolution modelling increases the 
computational burden, the real question is whether 
this will be incompatible with the required time cycle 
of the design process. There are at least two positive 
responses to this question. First, continuation of 
Moore’s law (Moore 1998) – that the number of 
transistors per square inch on integrated circuits has 
doubled every year since the integrated circuit was 
invented – will accommodate the increased CPU 
requirement. Second, it is possible in the integrated 
simulation approach adopted here to ensure that 
CPU-intensive domain models are only invoked 
when required. For example, it may not be necessary 
to process the CFD domain model associated with 
building zones at the computational time step 
required by other model parts. Instead, a CFD 
domain solution might be invoked only when specific 
events occur, such as heating system start-up or when 

room environmental or occupancy conditions change 
significantly. 

CONCLUSIONS 
This concept paper has typified the benefits to result 
from high-resolution building modelling by which all 
aspects of an existing or proposed design may be 
assessed together and in a fully dynamic manner. The 
contention is that bringing such appraisal 
functionality to practitioners is the true destiny of 
building performance simulation and that this will 
require a radical rethinking of the way in which 
models are established and simulated in practice. 
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Figure 1 The high-resolution dwelling model with solar thermal collector. 
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