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Sustainability certifications like BREEAM, LEED, and China’s sustainable green building award certification
scheme encourage installation of technologies that save mains water and grid electricity. Among these are
rainwater harvesting systems, ultralow water use appliances, photovoltaic panel systems, and intelligent building
management systems. In reviewing the performance of two award-winning university buildings over respective
periods of sixteen and four years, we found that such systems delivered only 28–71% of their potential resource
savings. These performance gaps arose from various technical and social issues (pump failures, tank leakages,
poor alignment of demand and supply with limited storage, low photovoltaic panel efficiency, poor user
acceptance, etc.), but the consequences were exacerbated by inadequate asset management that resulted in long
system downtimes, in some cases for 2–5 years. Repair, maintenance, and upgrading expenses then combined
with lower than anticipated water and electricity bill savings that ultimately meant that, for the most part, there
was no prospect of earning a return on capital expenditures. Continuous monitoring of building water con
sumption by an external service provider was the most effective resource and cost saving solution in this study, as
it required no capital expenditure, and revealed a 1640 l/h leakage, without putting high demands on the
building management. In contrast, little value was obtained from 25 water-related sensors installed as part of a
“building-as-a-lab” project because of inadequate post hand-over support. Robust post-commissioning operation
should become a key criterion for sustainable building innovation, and this should be reflected in green awards
and rating systems.

1. Introduction

performance [6,7]. Most awards are then based on the designed (and not
real-world performance) of sustainable building features such as rain
water harvesting systems (RWHS), photovoltaic panel systems (PVS)
and intelligent building management systems (IBMS). However, it is
important to consider how well such systems perform in the longer-term
under real-world operations [8].
RWHS can provide locally, often roof-collected rainwater for nonpotable use in buildings to flush toilets or provide water for irrigation,
thus reducing mains water consumption [6,9,10]. Rainwater harvesting
is promoted to restore the urban water cycle, alleviate water stress, and
reduce flooding risks [11–13]. In theory, RWHS in office buildings may
provide very significant water and cost savings, but it was reported that
the efficiency of a RWHS can decrease from 75% at the beginning to
about 30% within only 8 months [13]. Furthermore, the RWHS of an
educational institution in India was found to be economically unsus
tainable, with a calculated payback period of more than 250 years for
the infrastructure costs through reduced operational costs [8]. Also, the

More resource efficient and greener building design is essential for
sustainable development. The building sector consumes a third of global
resources, one sixth of global freshwater resources, and one tenth of
global energy supplies [1–4]. In Europe and the USA respectively,
buildings consume 40% and 39% of energy consumption, and generate
36% and 38% of carbon emissions [2,4,5]. Three sustainable building
rating systems, BREEAM (Building Research Establishment Environ
mental Assessment Method) in the UK, LEED (Leadership in Energy and
Environmental Design) in the USA, and government standard
GB/T50378-2019 in China, are frameworks for assessing building sus
tainability based on aspects of energy and water resources consumption,
and other environmental impacts. Currently, most award-winning
buildings score high in such ratings by having features for the use of
renewable resource like rainwater and solar energy harvesting, resource
efficient appliances, and intelligent building systems to optimize
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real-world energy consumption of a RWHS was found to be much higher
than theoretical values, and optimised pressure control and UV disin
fection systems could enhance energetic performance [14]. Conse
quently, RWHS in theory have water, cost, and energy saving potentials,
but these environmental benefits need to be substantiated with
real-world data.
Much of the water demand in office and other commercial buildings
is related to the flushing of toilets, and innovative toilet designs can, for
example with the help of pressurized air, reduce this demand by up to
80% [15]. Innovative toilet designs have high technological maturity for
enhancing water savings in the built environment, but their economic
performance has been questioned in a theoretical analysis of green
building technology for affordable housing in China [16]. Furthermore,
there are concerns about downstream implications of ultra-low flush
toilets on sewerage [17]. The performance of ultra-low water con
sumption appliances therefore also needs to be evaluated in real-world
settings.
Like rainwater, solar energy is freely available and theoretically an
unlimited resource with high non-renewable energy saving potential
[18–21]. PVS thus feature prominently in many institutional climate
action plans. For example, the sustainability strategy of Newcastle
University in Northeast England aims to increase renewable energy
generation by retrofitting PVS on existing roof space [22]. But mainte
nance of PVS is important to avoid an annual deterioration in PV cell
performance, which ranges from 0.3 to 3% per annum, due to dust de
posits and cell degradation issues [18,23], affecting longer-term
performance.
Lack of monitoring is another reason for inefficient resource use in
buildings, which leads to calls for IBMS [24]. High-resolution data
collection is required not only for data-driven research [25,26], but also
because of the ambition to bridge the performance gap between actual
and calculated results in the building sector [27,28]. A review of 227
publications highlighted an increased awareness of the role of occupant
behavior in such performance gaps [27]. Leakage savings and water
savings can be achieved with the help of change in occupant behaviour
assisted by technology [29–31]. However, the role of maintenance in
building sustainability optimization has generally received less atten
tion than further technology developments.
In summary, many rating systems and awards for building sustain
ability have been developed to promote energy and resource conserva
tion in the built environment of an increasingly urbanised global
population. However, many awards and ratings rely on theoretically
predicted energy and water saving figures, and field analysis of these
predictions is essential for validation of sustainability features. This
work assessed the real-world performance of two Green Gown Awardwinning mixed-use office and laboratory buildings within the campus
of Newcastle University in North East England, one opened in 2004, and
one opened in 2017. Green Gown Awards recognize exceptional sus
tainability initiatives being undertaken by universities and colleges to
set the bar and put learning institutions at the heart of delivering the
United Nations Sustainable Development Goals. The two award-winning
buildings contain several sustainability features highlighted in the Green
Gown Award citations, including RWHS, PVS, ultralow water use ap
pliances, and IBMS. This study aimed to identify what optimization
opportunities exist for such sustainable building assets during real-world
operations, so that technologies and incentives like green building rating
systems can be adapted accordingly.

rainfall of about 693 mm (median annual rainfall from 2004 to 2019,
[32]), and global horizontal solar irradiance of 968 kWh/(m2year) [33].
In 2019, Newcastle University declared a climate emergency and pub
lished an action plan which outlines the institutional actions required to
meet net-zero carbon dioxide emissions by 2030 [22]. This continues
long-standing sustainability efforts by the university, including through
investments in its estate to reduce water and fossil energy use in uni
versity buildings.
The Devonshire Building (DB) on Newcastle University’s main
campus was constructed in 2004 with sustainable features that include a
RWHS for non-potable water use to flush toilets, a PVS to provide
renewable electricity for use in the building, a solar shading system to
prevent excessive solar gain, and an atrium with transparent roof for
natural illumination, passive solar heating and stack-induced ventila
tion. The RWHS was designed to provide water for the flushing of toilets
in the five-storied building. Roof runoff is collected from an area of
approximately 800 m2 and flows into a gravelled drainage system and
via screens and gutters to a 25,000 L underground storage tank with a
5000 L settling and 20,000 L storage compartment (Fig. S1 in supporting
information). There is an additional 40,000 L geothermal/heat dissi
pation tank for overflow from the rainwater storage tank. The clarified
water from the rainwater storage tank is pumped without further
treatment via a duty and stand-by pump to a 2050 L header tank in the
plant room/attic of the building. During periods of low rainfall, the
header tank can be topped up with mains water. The water flows from
the header tank to the point of use, i.e. toilet cisterns, by gravity.
Additionally, an array of 296 PV panels with BP solar thin film tech
nology (peak capacity of 25 kW) covered a total rooftop area of 184 m2
and was installed on the south facing roof slope. Due to performance
issues, the installer replaced these panels in 2009 with 120 more effi
cient panels covering an area of approximately 150 m2, and with an
azimuth angle of 163◦ (− 17◦ from due south). The inclination of the
main set of panels is 28◦ , with another two smaller sets of panels at 42◦
and 5◦ respectively. Because of this 25 kW (peak) rated PVS, RWHS and
other sustainability features, the DB won a Green Gown Award and
excellent BREEAM rating. The award citation is provided as supporting
information.
The Urban Science Building (USB) is the other Green Gown Award
winning building of Newcastle University and was completed in 2017
with green features that include a PVS, a RWHS, green roof space, ul
tralow water use appliances, and an IBMS collecting millions of data
points each day from sensors throughout the building. The IBMS was
designed to constitute a “building-as-a-lab” (BaaL) resource dedicated to
innovative, interdisciplinary research and learning on digitally enabled
sustainability [34]. The RWHS collects run-off from a roof area of 821
m2 to be stored in a 50,000 L underground storage tank. From the
storage tank, rainwater can be pumped to a 1000 L rainwater tank in the
USB basement, and rainwater is then treated with UV disinfection and
supplied to support the water demand for the UK’s National Green
Infrastructure Facility (NGIF) (Fig. S2 in supporting information). The
NGIF is situated within the USB site as a ‘living laboratory’, and was
established with a £10 million UK government investment underpinning
research into Sustainable Drainage Systems (SuDs) and Green Infra
structure approaches in urban centres. It includes a 130 m ‘extreme
event’ swale enabling research and demonstration of leaky barriers for
urban water attenuation. Monocrystalline PV panels with equivalent
area of 202.9 m2 and peak output of 34.49 kW were installed on the USB
roof with 12.26◦ inclination, and an azimuth angle of 185◦ (i.e. +5◦ from
due south). Furthermore, there are six ultralow-flush toilets (ULFT)
(Fig. S3 in supporting information), which were installed in the USB as a
trial to assess their performance in reducing water consumption. Ac
cording to their specifications, these ULFTs use 1.5 L water per flush in
combination with propelled air [15]. The USB earned the
collaborative-built environment award and Green Gown Award in 2018.
The Green Gown Award citation is provided as supporting information.

2. Methodology
2.1. Award-winning university buildings: The Devonshire Building (DB)
and Urban Science Building (USB)
Newcastle University is an academic institution with about 6000
staff and 28,000 students in Newcastle upon Tyne, Northeast England.
The region has a temperate maritime climate with average annual
2
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2.2. Building data collection

2.5. Ultralow flush toilet evaluation

Total water consumption monitoring in the DB was available from
Aug 2016 onward in high-resolution 15 min intervals from the database
of a monitoring service provider, contracted by Newcastle University to
monitor water use in several buildings across the campus. Rainwater and
mains water use data for toilet flushing was occasionally collected by the
authors from the physical water meters on the inlet pipes of the header
tank in the attic of DB. The solar electricity generation data was
collected manually from a digital display board on the top floor plant
room. Other building information was obtained through interviews with
the building managers or other relevant university estates personnel.
In the USB, water consumption data were periodically recorded by
the authors from the physical water meters in the plant room in the
basement, representing total, non-potable (i.e. CAT 5), and potable
water use. High resolution total building water consumption data
(collected by a service provider) was also available from August 2019
onwards. Newcastle University’s Urban Observatory (UO) provided ac
cess to cloud-based data for solar electricity generation in the USB, and
22 pulse water consumption and 3 related energy consumption meters at
various points throughout the building via the BaaL. However, much of
the BaaL data were compromised by faults such as unknown units and
suffered data losses due to non-existent or only intermittent recording.
Solar electricity generation data was obtained with the method
described elsewhere [34]. Other USB information was obtained through
interviews with building managers and other relevant university estates
personnel.

Six ULFTs were installed in the USB as a trial, together with 62
conventional dual flush toilets. Water consumption metering data was
available for an ULFT via the BaaL IBMS for a period of 180 days. From
this data, the ULFT usage was derived based on the 1.5 L flush volume
specification. The usage of the dual flush toilets was then estimated from
the CAT 5 non-potable water demand of USB, after it had been corrected
for the estimated CAT 5 water usage of the ULFTs.
2.6. Photovoltaic system performance evaluation
The performance of the PVS was determined by comparing their
potential for solar electricity generation with the metered kWh of elec
tricity generated. The peak installed capacity in kW was multiplied with
a specific annual photovoltaic power output of 956 kWh/(kW peak and
year) in Newcastle upon Tyne [36] to calculate the annual PVS potential
for electricity generation. In addition, the solar power conversion effi
ciency was calculated by comparing over the same time interval the
measured and/or reported horizontal solar irradiance in units kWh/m2,
multiplied with the photovoltaic panel area (m2), with the kWh of
electricity generated by the PVS.
2.7. Interviews
Interviews were conducted with structured questionnaires in 2017
and 2019 to collect information from Newcastle University estates and
sustainability team members involved in the DB and USB maintenance.
The questionnaires and notes from the interviews are provided as sup
porting information.

2.3. Rainwater harvesting system performance evaluation
The performance of the RWHS was determined by comparing its
rainwater collection potential (i.e. the product of the local rainfall
(median annual rainfall from 2004 to 2019, [32]), and roof collection
area, assuming a collection efficiency of 80%), with the metered amount
of rainwater used in the building.

2.8. Payback period calculations
Payback periods for green infrastructure capital expenditure (CapEx)
were calculated using expression 1. For this calculation, it was assumed
that utility bill savings would increase at a constant rate of inflation
taken as the consumer price index in the year when the building was
completed (CPI, 1.3% and 2.7% for the UK in 2004 and 2017), while the
discount rate was taken as Bank of England base rate (BoER, 4.5% and
0.25% in 2004 and 2017).

2.4. Rainwater quality evaluation
To evaluate if rainwater collected from both building roofs met nonpotable water quality standards as set out in rainwater regulation (BS EN
16941–1, 2018), water samples were collected from storage tanks in
both buildings (DB and USB). For total coliform and faecal coliforms, the
analysis followed the manufacturer instructions with m-endo broth and
m-FC media ampules from Hach (Manchester, UK). Water microbiome
characterisation by 16S rRNA gene sequencing with the MinION of
Oxford Nanopore Technologies followed the methods described else
where [35].

n
∑

NPV =

(
i=0

Ri

(1)

)i
1 + BoER
100%

where BoER is the Bank of England rate in the year the building opened.
R0 is the CapEx of the green building component such as RWHS, ULFT,
or PVS. R0 is a negative value, assumed to occur in year 0, i.e. before the
system becomes operational. R1 are the operational cost savings realized
in year 1. R2 to Rn are the future operational cost savings in years 2 to n,

Table 1
Performance gaps for resource savings and payback periods of green infrastructure investments in the Devonshire Building (DB) and Urban Science Building (USB) for
Rainwater Harvesting Systems (RWHS), Photovoltaic Panel Systems (PVS) and Ultralow Flush Toilets (ULFT), n.a. means that the CapEx of the RWHS in the USB is not
available, and therefore no payback period could be calculated.
Component

Anticipated resource
savings/production

Actual resource savings/
production

Ratio actual to anticipated resource
savings/production

Anticipated payback
period

Payback period based on
actual performance

RWHS DB over 16
years
RWHS USB over 43
months
ULFT USB over 43
months
PVS DB over 16
years
PVS USB over 4
years

7100 m3 mains water

3141 m3 mains water

0.44

53 years

>100 years

1632 m3 mains water

781 m3 mains water

0.48

n.a.

n.a.

3

3

320 m mains water

89 m mains water

0.28

27 years

>100 years

382 MWh electricity

222 MWh electricity

0.58

>100 years

>100 years

132 MWh electricity

94 MWh electricity

0.71

10 years

12 years

3
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Fig. 1. Bacterial water quality for Urban Science Building (USB) and Devonshire Building (DB) samples collected from the rainwater storage tanks in 2019. RW
means rainwater collected outdoors directly into a bucket. Missing bars means not detected. The error bars indicate the standard deviation.

which were assumed to increase with the rate of inflation, as outlined
mathematically in expression 2.
(
)i− 1
CPI
Ri = R1 ⋅ 1 +
(2)
100%

Regulation BS EN 16941–1, 2018. Relevant building sustainability rat
ing frameworks were BREEAM (UK), LEED (USA), CASBEE (Japan), and
Chinese Government Standard GB50378_2019.
3. Results and discussion

In which CPI is the Consumer Price Index for the year when the
building was opened. The payback period for the initial capital cost is
considered as the number of years, n, at which the NPV becomes posi
tive. These theoretical NPV predictions were then compared with the
actual NPV calculated from the real costs and savings derived from real
data and interview information.

3.1. Rainwater harvesting efficiency
The RWHS in the DB was designed to collect an estimated 7100 m3 of
rainwater over the observation period of 16 years from the building’s
inauguration in 2004 until 2019, based on an average annual rainfall of
693 mm in Northeast England [32]. But in reality, only 3141 m3, or
44.2% of the theoretical rainwater harvest, were used to flush toilets and
reduce mains water demand in this period (Table 1). The main reasons
for this underperformance were frequent maintenance issues and severe
system faults, as identified in the interviews with the building managers.

2.9. Relevant standards
Relevant UK standards for the interpretation of the water quality
data were the Water Supply Regulations (2018) and Rainwater
4
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Fig. 2. Predicted and actual net present value (NPV) for green assets in the Devonshire Building (DB) and Urban Sciences Building (USB), a) DB rainwater harvesting
system (RWHS), b) USB ultralow flush toilets (ULFT), c) DB photovoltaic panel system (PVS), d) USB photovoltaic panel system (PVS). (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)

The DB opened in 2004, and when a new building manager was assigned
in 2009, the RHWS was found to be dysfunctional and fully reliant on the
back-up mains water supply. The pumps to feed the rainwater from the
underground storage to the header tank had been burnt out. Following
repairs, the RWHS was recommissioned in April 2010, and then pro
vided on average 424 m3 of rainwater per year for toilet flushing based
on a meter reading from July 2014, in very close agreement with the
theoretical RWHS potential of 444 m3 per year. However, during
another investigation in 2018, the system was again found to be
dysfunctional, and the DB relied fully on the mains water supply for the
flushing of toilets. The system was found to have been re-commissioned
incorrectly following replacement of the leaking header tank in the plant
room. The float switches in the tank had been set up with the mains
water supply being the priority, and therefore only mains water was
being used for toilet flushing. This issue was not rectified until January
2020. Such findings revealed the critical importance of proper mainte
nance, appropriate skills, and frequent inspections for realizing the full
potential of a RWHS, in line with previous reports [13,14].
In the USB, the potential RHWS harvest from the building opening in
Sep 2017 to April 2021 was 1632 m3, but according to the meter read
ings in April 2021 only 781 m3 of this rainwater, or 48% of theoretical
potential, had been used towards meeting the 1591 m3 non-potable
water demand of the NGIF based at the USB over the same period
(Table 1). In this case, the performance gap was explained by poor
alignment of the rainwater supply throughout the year with the infre
quent, but very high water demand of an experimental swale that was
occasionally operated by the NGIF. Each swale experiment exceeded the
storage capacity of the RWHS and required large volumes of CAT 5
mains water as back-up. Incompatibility between non-potable water
demand and rainwater supply also occurs in other settings. For example,
for a higher educational institution in India in a region with a wet and
dry season, it was found that non-potable water demand to support
gardening and ground maintenance was the highest in the dry season,
when no rainwater was available [8]. Such imbalances frequently result
in RWHS inefficiencies [37]. When demand and/or supply are ill
aligned, large storage capacity is required which may cause excessive
infrastructure costs and concerns about maintaining bacterial water

quality.
3.2. Microbial quality of roof collected rainwater
Microbial water quality in the header tank of the DB and the rain
water storage tank of the USB was assessed in 2019. As it later turned
out, at that time, the RWHS in the DB was not operational, and hence the
water sampled from the tank was in fact tap water from the mains water
back-up, which met non-potable water standards (Fig. 1a). In the USB,
roof-collected rainwater sampled from the storage tank exceeded the BS
EN 16941–1(2018) standard for spray applications of 10 CFU/100 mL
for total coliforms in the summer and autumn months, with additional
evidence for the presence of faecal indicator bacteria/thermotolerant
coliforms (Fig. 1a). Bird nesting sites and excrement on the roofs (see
Fig. S1 in supporting information) are a likely source for microbial
contamination in roof-collected rainwater. For the DB, bird netting was
installed in 2010 to address this issue. 16S rRNA gene sequencing data
(Fig. 1b) revealed the presence of genes from bacteria of potential
concern, such as Legionella and Campylobacter [38], in both
roof-collected rainwater and tap water. Bacterial DNA is more resilient
in disinfected water samples, than intact bacterial cells and may be
extracellular or from non-viable cells [39]. But the presence of these
genes in water indicates potential microbial hazards if the disinfection
process and/or disinfectant residuals in the water at the point of use
were to be compromised. This became apparent in the summer of 2020,
following the hibernation of many Newcastle University buildings over
several months during the Covid-19 pandemic. Issues with Legionella in
the water network of several buildings delayed their reopening and re
turn to normal operations. Risk assessment and testing for Legionella and
cleaning/chlorination of storage tanks further adds to the RWHS
maintenance costs, as discussed below. In the USB, a UV lamp is used at
the storage tank outlet to control potential microbial contamination in
the RWHS, which also adds to these costs.
3.3. Net present value analysis of rainwater harvesting systems
As shown in Fig. 2a, it was anticipated that the initial CapEx of RHWS
5
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equipment in the DB could be recovered via reduced charges for water
and wastewater within 53 years. This prediction only considered the
operational costs of the electricity consumption of the pumps and
assumed the RWHS would not need repairs. But as noted in 3.1, the
RWHS needed multiple repairs, and a maintenance service contract
added significantly to the operational costs from 2010 onwards. Based
on water meter readings, the RWHS broke down within one year of the
DB opening date, which meant that the NPV then remained stagnant at
-£10,935 from project year two to six. The repair of the RHWS, instal
lation of bird netting on the roof, and signing of a maintenance service
contract with the RWHS provider dropped the NPV to -£20,505 in
project year seven. Annual maintenance service costs then were similar
to the water and sewerage bill savings, which meant the NPV remained
fairly constant at this negative level until project year twelve. In this
interval, the RWHS was performing according to its specifications. Then,
a leak and a fault in the RWHS recommissioning following the £3960
replacement of a leaking header tank meant that no harvested rainwater
was being used to reduce water and sewerage bills from project year
fourteen onwards, while the service contract costs continued, and some
storage and header tank maintenance costs were incurred. This further
decreased the NPV to -£25,797 by the end of the current study in project
year sixteen. The gap between anticipated and actual economic perfor
mance of the RWHS was such that the NPV decreased, instead of
increased, over time, meaning it is highly unlikely that the initial CapEx
will ever by recovered. Such findings align with other reports of poor
financial performance that are based on real-world RWHS data [8].
3.4. Ultralow flush toilet performance
Non-potable (i.e. CAT 5) water demand for toilet flushing amounted
to 71% of the total USB water demand without the CAT 5 demand of the
NGIF, meaning that the potential for water savings with ULFTs in a
mixed use building such as the USB is in principle very substantial.
However, based on the monitored water consumption of a ULFT on the
second floor it was found that this toilet was on average flushed only 3.3
times per day over a period of 180 days. A much higher average of 13
flushes per conventional toilet, was then estimated from the residual
CAT 5 water demand of the USB. Because the lid of the ULFT needs to be
closed by hand before the flushing for the mechanism to work, toilet
users may perceive them as unhygienic [40]. Based on building manager
interviews, there were initially some building user concerns about the
noise of the ULFTs and having to touch their lids for the flushing. Since
USB users had a choice between a ULFT and a conventional toilet in
adjacent cubicles, these concerns were not voiced persistently, but they
may explain the observed low ULFT usage discussed above. If the
number of daily flushes of the ULFTs would have been equal to the
conventional toilets, then the CAT water savings achieved with the six
ULFTs would have been 248 instead of 69 litres per day. This means that
only about 28% of the theoretical water savings were realized (Table 1).
It should be noted that the need to close the lid before flushing may have
reduced the chance of ULFT being flushed more than once per use, and
this could also provide an alternative explanation for the flushing
discrepancy between ULFTs and conventional toilets. However, 3.3
flushes per day for the monitored ULFT suggests very limited usage
which will have reduced their water savings potential. The manufac
turer assumes an average 60 flushes per day for their cost savings
assessment, which is 18 times more than field data in this work. This
provides an interesting example for a performance gap that was most
likely caused by the low user acceptability of a water saving appliance,
where users were given a choice between innovative and conventional
toilet designs. The user’s reluctance to accept the new technology was
despite a label behind the ULFTs promoting their water saving benefits
(Fig. S3 in supporting information). There were no technical issues re
ported for the ULFTs in the first 3 years after the USB opened. But ac
cording to the building maintenance staff, the ULFTs would take much
longer to clean than a conventional toilet, because of the difficulty of

Fig. 3. Metered flows for a) building mains supply in the Devonshire Building
Aug–Dec 2016; b) building mains supply in the Urban Sciences Building Aug
2019 to April 2021; c) gap between street boundary and building inlet meter in
the Urban Sciences Building.

cleaning the gasket which provides the air-tight seal for the lid.
3.5. Net present value analysis of ultralow flush toilets
As shown in Fig. 2b, the theoretical payback time for the increased
costs of a ULFT compared with a standard dual flush toilet is about 27
years. This is in line with a predicted payback time of 28 years using the
cost savings calculator on the manufacturer website once the standard
settings had been adjusted. However, the standard settings for the
calculator predicted a payback period of 3 years based on a much higher
assumed reference toilet flush volume (9 instead of 5 litres) and flushing
frequency (60 instead of 12 times per day). With the actual frequency of
3.3 flushes per day, the NPV would turn positive only after >100 years
(Table 1), making it unlikely that the higher toilet costs can be recovered
6
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over their lifetime.

high volumes occasionally used in the NGIF for the testing of an
experimental swale. It can also be seen that daytime USB water use
decreased from 500 to 1000 l/h before the Covid-19 pandemic to 1/10th
of that value during the pandemic, when students were taught remotely,
and staff were mostly working from home. Continuing water demand in
the USB during its hibernation was due to the flushing of pipes for the
control of Legionella risks. There was a high night-time water use on 29/
11/2019 with unknown causes, and a major flooding accident occurred
on 27/02/2020, when around 300 m3 of water flooded the USB base
ment from a leak in the NGIF CAT 5 water back-up tank. This leak
damaged the potable and CAT 5 booster pumps for the USB with
emergency repair costs of more than £10,000 to install a bypass around
the storage tanks and pumps. At the time of writing, mains water was
being fed directly to the points of use in the USB which could potentially
cause water pressure issues when water demand in the building returns
to pre-pandemic levels, leading to further repair costs. Despite of the
continuous monitoring, the leakage only became apparent from the
damage caused in the basement. The unusually high-water flow caused
by the leak could, in principle, have set off an alert, but similar spikes
caused by the CAT 5 water demand of the NGIF would have been
difficult to distinguish automatically from such a major leakage. Fig. 3c
shows a noteworthy gap in the USB water flow between the street
boundary and inlet water meter. By 19/04/2021, the street boundary
water meter, on which the water bills are based, had recorded a total
flow of 10,160 m3, whereas the physical meter on the mains inlet pipe
had recorded only 7584 m3. The gap seemed to grow most rapidly in
early 2020, when there was a lot of swale testing at the NGIF, and was
most likely due to the use of water from a hydrant on the external supply
pipe to support the experimental testing of the swale, or perhaps a drop
in water pressure during these high-flow events might have differen
tially affected the readings of the two water meters. Considering that the
gap had grown to the equivalent of about £5700 in water and sewerage
charges by the end of this study, its origin merits further investigation.

3.6. Smart metering of water consumption
Smart metering of building-level water consumption with 15 min
resolution started in the DB in late July 2016. Metering quickly identi
fied a high baseline flow raising from 620 to 1640 L/h by December
2016 (Fig. 3a). This baseflow continued when the incoming supply was
isolated during the Christmas holidays. The monitoring thus identified
an external fault, and the repair of a flanged connection on the incoming
mains pipe rectified the issue in January 2017. Although the exact date
when the leakage started remains unknown, the recorded baseflow from
August 2016 onwards alone accounts for 3750 m3 of water waste, which
exceeds the entire volume of mains water saved by the RWHS of the DB
from when the building opened in 2004 to the end of our monitoring in
January 2020 (Table 1). Newcastle University Estates team estimated
that 40,000 m3 of water had been lost from the leak since around 2011.
Having established ownership of the relevant faulty equipment as that of
the water provider, the university claimed reimbursement of around
£80,000, and repair costs of £1296 from the provider [41].
In the USB, only a small amount of useful water and related energy
consumption data could be obtained from the 25 pulse meters that were
installed as part of the “building-as-a-lab” (BaaL) IBMS. This was
because of a lack of knowledge transfer during the building hand-over,
inadequate post-handover support from the installer, and insufficient
institutional human resources for BaaL data logging and management.
Eventually, the external provider monitoring the DB and other univer
sity buildings had to be commissioned to also monitor building level
water consumption in the USB from late August 2019 onwards. As
shown in Fig. 3b, water demand in the USB was very spiky because of the
Table 2
Known installation, maintenance and repair cost incl. VAT for the Devonshire
Building (DB) rainwater harvesting system (RWHS) & photovoltaic panel system
(PVS).
Item

Cost incurred/saved

DB RWHS
Infrastructure

Equipment, incl. commissioning
(installation by builders not covered)
and delivery charges
Repair of pumps (2010)

DB RHWS
Maintenance
DB RWHS
Maintenance
DB RWHS
Maintenance
DB RWHS
Maintenance
DB RWHS
Maintenance
DB RWHS
Maintenance
DB RWHS
Maintenance
DB RHWS
Maintenance
DB PVS
Installation
DB PVS panel
replacement
DB PVS inverter
replacement
DB PVS
Maintenance
DB PVS
Maintenance
DB PVS
Maintenance

Cost

Source

£11,270

A

£10,872

B

£100

C

£750

D

£832

C

£1277

C

£1620

A

£3960

F

£250

C

£101,021

E

£0

B

£9828

B

G59 protection (2012)

£2388

B

Cable upgrade (2014)

£4243

C

Panel cleaning (2019)

£3814

C

Bird netting installation per square
meter (2010)
Service/maintenance (per annum,
2010–2015)
Service/maintenance (per annum,
2015–2018)
Service/maintenance (per annum,
2019)
Lower of two tank cleaning quotes, per
day (2017)
Header tank leak repair (2018)
Header tank cleaning and disinfection
to control Legionella, per time (2016,
2019, 2020)
Government grant (2003)
No cost panel replacement due to very
low efficiency (2009)
Inverter replacement (2012)

3.7. The economics of smart metering
Monitoring of building level water consumption by an external
provider came at a cost of £278 per smart meter per year, and with 47
smart meters installed across the University, the annual institutional
monitoring costs amounted to £13,000. According to the monitoring
service provider website, initial findings from a leak detection system
often identify water wastage of £10,000 per year on average on each site.
In the DB alone, the monitoring revealed a leak which, if continuing
undiscovered, would have amounted to annual water and sewerage bills
of about £28,000 per year. Also, because the water provider had
ownership of the relevant faulty equipment, the University was able to
claim a reimbursement of around £80,000, and repair costs of £1296.
Similarly, discovery of a leak during meter installation at another uni
versity site (Newburn Boathouse) enabled a reimbursement claim of
£10,000. In another building, the metering identified high mains water
use for cooling an experiment that caused a constant baseline water
consumption of over 1000 litres per hour at an annual cost of about
£17,000. This wastage was rectified with the installation of a recircu
lating cooling system [41]. The initial gains achieved in the first year of
monitoring alone could thus pay for about 10 years of the institutional
monitoring costs. In the USB, the monitoring did not prevent a major
flooding event. If the unexpected water usage had been identified by the
monitoring system to create an alert on time, a £570 water bill and £10,
000 emergency repair costs could have been saved. Overall,
building-level water consumption monitoring was a cost-efficient way of
identifying and rectifying major water wastages. But it is difficult to
exactly quantify the financial benefits of monitoring because it is un
certain for how long the leakages and other water wastages would have
continued unnoticed without the monitoring. In comparison with the
externally provided and well-functioning building-level water con
sumption monitoring service, little value was obtained from the 25

A [41], B [42], C Interviews with university estates and sustainability team
members, oral communications, D quote, E [47].
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Table 3
Efficiency of the photovoltaic panel system (PVS) of the Devonshire Building
(DB) before and after cleaning in 2019–2020.
Time period

10/06/2019 to 17/
06/2019
17/06/2019 to 24/
06/2019
24/06/2019 to 03/
07/2019
03/07/2019 to 05/
08/2019
05/08/2019 to 13/
09/2019
Average ± Stdv
Panel cleaning
period
14/11/2019 to 17/
02/2020
17/02/2020 to 24/
02/2020
Average ± Stdv

Average solar
electricity produced

Average solar
radiation

PVS
efficiency

kWh/(m2d)
0.75

kWh/(m2d)
4.87

%
15.3

1.34

4.87

27.6

0.59

4.87

12.2

0.62

4.62

13.5

0.33

3.21

10.4

Fig. 4. Solar panel efficiency expressed as % of global horizontal solar irradi
ance in Newcastle upon Tyne converted into electricity by the photovoltaic
panel system in the Urban Sciences Building in 2019.

dust deposits [18,23]. Considering that the PVS with the new panels
operated at about 14% solar power conversion efficiency for about 11
years, the PVS generated about 58% of the electricity which was
anticipated based on the original kW (peak) rating over a period of 16
years (Table 1). The main reasons for this performance gap were the
poor efficiency of the original panels, and dust deposition on the panels.
Such performance gaps for PVS have also been reported in other studies
[27,28,46].
For the PVS of the USB, the anticipated annual electricity generation
based on its 34.5 kW (peak) rating was 32,982 kWh per year, versus a
metered electricity peak output generation of 23,386 kWh in the year
2019. The PVS thus performed at 71% of its theoretical potential. The
average solar power conversion efficiency was 11.8 ± 3.5% for the year
2019 (Fig. 4), which is at the lower end of the expected range, and even
lower than that of older DB panels. The PVS of the USB has sub-optimal
inclination at 12.26◦ from the horizontal, which was dictated by having
to reduce wind load on the panels within a very exposed and windy site
that at higher tilt angles could have dislodged the panels.

15.5 ± 6.8
0.15

0.72

20.0

0.36

1.10

33.1
26.6 ± 9.2

water-related sensors installed in the context of the BaaL, because of the
lack of post-installation knowledge transfer, inadequate human re
sources support, and complexity of the data management and
interpretation.
3.8. Photovoltaic system efficiency
The Green Gown Award for the DB quotes a 25 kW (peak) value for
the PVS installed in 2004. With a specific annual photovoltaic power
output of 956 kWh/(kW peak and year) in Newcastle upon Tyne [36],
the expected annual electricity generation of the PVS was thus 23,900
kWh per year. However, the original solar panels reportedly operated at
a very low efficiency, which meant that after a lengthy dispute, the
installer replaced these panels with 120 new and more efficient panels at
no cost in 2009 [42]. Following further optimization with the installa
tion of more efficient inverter units in June 2012, the PVS generated 18,
000 kWh of electricity within a year or about 75% of its theoretical
output anticipated in 2004. Annual global horizontal solar irradiance in
Newcastle upon Tyne is about 968 kWh per m2 per year [43], and
accordingly, the solar power conversion efficiency for 2012 at the DB
was 12.3%. Two separate assessments in 2015 compared the electricity
generation of the PVS with the solar irradiance measured by an insti
tutional weather station on a neighbouring building. They derived an
average solar power conversion efficiency of 15.2 ± 2.8% and 12.6 ±
1.4% for the periods from April to early May, and late May to early July
2015, respectively [41,42]. From June 2019 to February 2020 the
average solar power conversion efficiency was derived from a compar
ison of the PVS output with average global horizontal solar irradiance in
Newcastle (the local weather station data was no longer available). The
efficiency was found to be 15.5 ± 6.8% before the cleaning of the solar
panels in the autumn of 2019, and 26.6 ± 9.2% thereafter (Table 2). The
average solar power conversion efficiency for the DB solar panels
without cleaning was thus at the lower end of the typical range of
15–25%, and at the upper end after cleaning (Table 3). The optimum
angle of solar panel inclination in the North East of the United Kingdom
is about 42◦ , and the optimum orientation is directly south [44,45].
Most panels on the DB are at a near-optimal tilt angle of 28◦ –42◦ , and
azimuth of 173◦ (− 17◦ from due south). Slight deviations from the op
timum might explain a reduced efficiency. The observed benefit of the
cleaning in the autumn of 2019 further suggested that dust accumula
tion had degraded panel performance over time quite significantly, even
though they were nominally “self-cleaning”. The performance of a PVS
system will decrease by 0.3–3% per year due to cell degradation and

3.9. Net present value of photovoltaic panel systems
When the DB was constructed in 2004, photovoltaic technology was
not yet expected to be commercially viable, and the PVS was installed
with the help of a £101,021 government grant [47–49]. Nonetheless a
comparative analysis of predicted vs actual economic performance is
helpful and presented in Fig. 2c. Due to the very low efficiency of the
initial PV arrays, which were replaced at no cost in year 6 of the project,
repair costs for the inverters in year 9 of the project, a cable replacement
in year 11 of the project, and the cleaning of panels in year 16 of the
project, the NPV never rose above -£95,000, and the gap between the
anticipated and actual NPV rose to -£10,500 by project year 16. When
the USB was constructed, PV technology had advanced further while a
significant decrease in cost had been realized ($4.0/Watt in 2017
against $10.1/Watt in 2004 [50]), and besides, a very low BoE interest
rate more generally provided an attractive environment for investment.
As the authors were unable to obtain the actual initial investment costs
for establishing the PVS on the USB, they were estimated by using a
mean installed photovoltaic equipment cost of £1230 per kW for a
10–50 kW system as released by UK government official statistics from
actual micro generation schemes in 2016–17 [51]. The theoretical NPV
derived from the PVS rating was expected to turn positive in year 10 of
the project (Fig. 2d). Within four years, the actual NPV rose from -£42,
435 to -£29,275, which left a gap of -£4203 from the anticipated per
formance. Based on the current solar power conversion efficiency, the
NPV of the PVS in the USB is expected to turn positive in project year 12
(Table 1). Panel cleaning costs like those of the DB in 2019 would set
back the break-even point by 2–3 years. The DB and USB PVS examples
show how even failed green infrastructure investments like the PVS in
the DB can be worthwhile in the broader context of green technology
development, as early technology adopters were essential for the
development of PVS to the point where they recently became financially
viable. However, in addition to early adoption, candid feedback on
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Table 4
Reasons for performance gaps in mains water and grid electricity saving features
of the Devonshire Building (DB) and Urban Sciences Building (USB) for rain
water harvesting systems (RWHS), intelligent building management systems
(IBMS), ultralow flush toilets (ULFT), and photovoltaic panel systems (PVS).
Reasons
Technical
Substandard performance of
installed infrastructure
components
Poor alignment of renewable
resource availability with demand
Additional assets create new
vulnerabilities

Management
Lack of human resources/skills
Lack of initiative/delayed diagnosis
of faults/delayed repairs

Social
Low user acceptability
Economic
Underestimation of repair, upgrade,
and maintenance costs

Overestimation of resource savings

Examples

2.

• Very low efficiency of installed PV panels
(PVS, DB)
• Suboptimal inclination of PV panels (PVS,
USB)
• Infrequent, very high CAT 5 water demand
poorly aligned with rainwater availability
and storage capacity (RWHS, USB)
• Pump failures (RWHS DB)
• Rainwater header tank & CAT 5 back-up
tank leakages (RWHS, DB & USB)
• Legionella and bird guano health risks
require management (RWHS DB & USB)
• G59 protection upgrade (PVS DB)
• Inverter replacement (PVS, DB)
• Cable upgrade (PVS, DB)
• Botched header tank repair (RWHS DB)
• BaaL sensor data is not being utilized
(IBMS, USB)
• 5 years of system downtime following
pump failures (RWHS DB)
• 2 years of system downtime following
botched header tank repair (RWHS DB)
• 5 years of substandard performance due to
very low efficiency of installed PV panels
(PVS DB)

3.

• Users avoid ULFT if alternatives are
available (USB)

5.

4.

• Pump/header tank repair costs, tank
cleaning costs, bird netting costs, external
maintenance contract (RWHS DB)
• Legionella risk assessment costs (RWHS
USB)
• Costs of contract for building-level water
consumption monitoring by external
contractor (IBMS USB)
• Costs of inverter replacement, G59
protection, cable upgrade, panel cleaning
(PVS DB)
• System faults and long downtime result in
reduced mains water and grid electricity
savings (RWHS & PVS DB)
• Poor alignment of supply with demand/
limited storage capacity reduces mains
water savings (RWHS USB)
• User behaviour reduces mains water
savings (ULFT USB)
• Low solar energy conversion efficiency
reduces grid electricity savings (PVS DB &
USB)

6.

7.

addition to, rather than as replacement for, the conventional water
and electricity supply infrastructures, which meant that the buildings
contained an increased number of tanks, pumps, pipes, cables, etc.
For example, the basement of the USB contained a RHWS storage and
CAT 5 back up tank with pipes, valves, meters, pumps, and a UV
lamp, in addition to the ordinary potable and CAT 5 water tanks.
Since conventional assets sustained the building functions when
green assets developed faults, there was often a delay in the fault
diagnosis and/or lack of urgency in effectuating repairs. For
example, it took five years to replace the substandard PV panels
installed in the DB. It also took five years, and a change in building
management, until the RWHS in the DB was refurbished following a
burn-out of its pumps. The botched repair of the RWHS header tank
in the DB was only diagnosed and rectified after two years, when the
authors of this study queried related meter readings, as the water
provision had continued unabated via the mains supply. In contrast,
when leakage from the CAT 5 back-up tank of the RWHS in the USB
flooded the basement and damaged the booster pumps of the con
ventional water supply, emergency repairs were effectuated imme
diately, as the building would otherwise have stopped functioning.
Slow diagnosis and/or repair of faults by the building management
thus exacerbated the consequences of technical faults in mains water
and grid electricity saving assets, and the long system downtimes
resulted in lesser resource savings than initially anticipated
(Table 1).
This ultimately meant that break-even times for the recovery of
capital and maintenance expenditures of these assets via reduced
mains water and grid electricity charges were much longer than
anticipated (Fig. 2), and in most cases will exceed the asset lifetimes.
Not surprisingly then, a building-level continuous water monitoring
service provided by an external, specialist contractor proved to be
the most effective resource- and cost-saving measure in this study, as
it required no initial capital expenditure, and led to the discovery of
multiple water leakages, including a 1640 l/h leakage from the
mains pipe supplying the DB building, without putting additional
workload or skills requirements on the institutional building
management.
In contrast, little value was gained from 25 pulse meters installed as
part of a “building-as-a-lab” project in the USB due to knowledge loss
in the system hand-over, inadequate post-handover support, and
complex data management and interpretation requirements.
Robust post-commissioning operation should become a key criterion
for sustainable building innovation, and this should be reflected in
green awards and rating systems.
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problems and shortcomings and continuous performance monitoring are
also important for optimum utilisation of renewable assets.
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4. Conclusions
Technical, management, social, and economic reasons for perfor
mance gaps in the water and energy saving features investigated in this
study are summarized in Table 4. While some causes for under
performance were asset specific, for example the poor user acceptance of
ULFTs, several commonalities became apparent from this overview:
1. Green infrastructure assets like RWHS or PVS created additional
points of vulnerability in the award-winning buildings where faults
would develop, and/or maintenance or upgrades were required.
Fundamentally, this was because such assets were installed in
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