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In this paper, the authors aim to support users when modelling scenarios with complex processes entail-
ing thermal loads and infiltrations. The large building analysed is a logistics centre for the replenishment
and distribution of perishable foodstuffs where cold chains must be maintained. The logistics centre, with
96 loading/unloading docks, handles large turnovers of different goods. This produces heat inside the
facility. Due to continuous loading/unloading, the infiltrations in the building, and the fixed and variable
thermal loads, this facility consumes a large amount of energy.
Aiming to optimise the centre and contribute to sustainable development goal SDG7, this building has

been modelled with a classical non-D envelope using TRNBuild� and also with the more sophisticated 3D
software, SketchUp�, to compare and validate their results over a year with real consumption, as well as
to assess the main sources of energy consumption. To obtain reliable results, the authors provide some
methodology models to identify the sources of the building’s thermal losses and quantify the different
sources of consumption. These models are useful tools to support decision-makers (to improve insulation
and arrange loads, among other things) when trying to reduce energy use in large buildings with intense
operating processes.
The results indicate that by modelling the entire facility with 3D software, the model estimation differs

from real consumption by around 7.22%, while using a non-D model increases the difference to 26%.
Additionally, the results show that around 47% of the energy consumption in the building is due to air
infiltrations during loading/unloading, 18% is due to perishable products, and around 30% is due to build-
ing insulation. The methodology and models presented here, including the possibility of modifying the
thermal load profiles, have demonstrated their capacity to reduce and optimise the load demand of
refrigeration for warehouses if reliable data records are available.
� 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Energy consumption in buildings represents a large percentage
of worldwide energy use. In the European Union, buildings account
for 40 % of total energy consumption [1]. In the rest of the world,
the percentage is similar [2]. Moreover, the energy used by Heat-
ing, Ventilation and Air Conditioning (HVAC) systems varies from
16 to 50 % of the total energy consumed in buildings around the
world [3], and they produce 33 % of the world’s greenhouse gas
emissions [4]. In our current competitive and global market, there
is growing concern over greenhouse gas emissions and global
warming. Policymakers and businesses are increasingly focusing
on energy efficient buildings and reducing operational energy con-
sumption [5]. Policies designed to cut energy consumption and gas
emissions are generally based on three main actions: (i) optimising
the energy use of technical edifice systems, (ii) reducing energy
loss through the building envelope and (iii) promoting the use of
energy from renewable sources.

To achieve efficient systems, some tests to assess their impact
on the thermal behaviour of buildings should be undertaken. How-
ever, due to reasons like not wanting to interrupt daily work, need-
ing to preserve perishable goods or the impossibility of making
large investments, these tests are not viable options. To address
these drawbacks, the importance of modelling and simulation is
unquestionable. Software analysis lets the user develop a virtual
model to perform analyses that would not otherwise be possible.
For building modelling, different types of software are available.
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Nomenclature

ad Area of each dock in m2

al=u Area of the gap in the non-hermetic dock in m2

at Number of trucks that arrive to the warehouse daily
AHRG Average Heat Released by the Goods stored in the ware-

house in W�kg�1

B Coefficient related with the space set aside for corridors
and machinery in the warehouse

GPL Gross Product Load in kg�m�2

HRMAG Heat Released by the Maximum Amount of Goods
stored in the warehouse in W

kgoods Constant which averages the heat released per kilogram
of goods stored in the warehouse in W�kg�1

kl/u Constant to calculate the air infiltration flow rate during
the loading and unloading process in m2�sec�h�1

kparking Constant to calculate the air infiltration flow rate during
the time a truck is parked in m2�sec�h�1

kstorage Coefficient representing storage density of warehouse
NMAG Net Maximum Amount of Goods stored in the ware-

house in kg
NPL Net Product Load in kg�m2

TAW Total Area of the Warehouse in m2

_q Air infiltration flow rate in m3�h�1

tl/u Time spent loading or unloading one pallet in sec
tp Time a truck spends parked in the dock in sec
UAW Useful Area of the Warehouse in m2

vwind Wind velocity in m�sec-1
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Most of them let the user define, simulate and optimise the design
of the building in terms of energy consumption. TRaNsient System
Simulation Tool (TRNSYS�) is one of the most frequently used soft-
ware products among the research community since it offers the
possibility to include models defined by the user.

Although TRANSYS has been widely used to model buildings
(see literature review in Section 2), few works have dealt with cal-
culating the accuracy of the results when using basic structural ele-
ments incorporated into TRNSbuild� (non-D model) or doing a
more demanding modelling (3D modelling) with SketchUp�. Albeit
the non-Dmodel has high quality to predict the thermal demand of
a building, the 3D model allows users to incorporate geometric
aspects to define specific internal heat flows, which can be later
exported to TRNSYS�. This permits more accuracy to be obtained
in the real demand due to the building’s envelope. It is worth not-
ing that the 3Dmodel explained in this work does not involve mak-
ing a Computational Fluid Dynamic (CFD) model of the building to
calculate thermal demand.

To show how great the differences can be, the envelope design
was modelled using both methods, and the results were validated
by comparing them to a year’s real energy consumption in the
building.
2. Literature review

TRNSYS� is sophisticated energy simulation software that has
been widely used to optimise buildings. Some examples of the
use of TRNSYS� software in the open literature are Massaguer
et al. [6], who developed a new TRNSYS� type for the simulation
of thermoelectric generators and validated the new type of compo-
nent under transient and steady-state conditions. Comparing the
model results and the experimental data showed errors of less than
4 % for temperature differences between cold and hot sides and
electrical output power. Quesada et al. [7] proposed a dynamic
model of a 7.2 kWp photovoltaic installation to accurately predict
the long-term performance of the installation. To obtain a model
representing real installation reliably, they address several modifi-
cations of standard test conditions. Webb et al. [5] simulated a bio-
mimetic façade using TRNSYS� to improve the thermal
performance of the building façade based on biological models of
animal fur and blood perfusion. They reduced energy consumption
by up to 17 % compared to conventional approaches using biomi-
metic principles combined with a mathematical model in a com-
mercial office building in Melbourne.

Kenai et al. [8] implemented a dynamic thermal simulation of a
residential building in an urban environment to analyse the effect
2

of a green wall of Virginia Creeper using TRNSYS�. With the green
walls, they reduced air conditioning requirements in summer. As
this plant is deciduous, the façade was exposed in winter and could
absorb solar radiation.

Eddib et al. [9] studied the hydro-thermal behaviour of a multi-
zone apartment located in northern Morocco to estimate the air
conditioning and heating requirements during summer and winter.
Since Morocco imports over 96 % of the energy that it consumes,
the energy-based rehabilitation of residential buildings is a
promising field.

Potočnik et al. [10] used TRNSYS� to investigate how to increase
thermal comfort in residential buildings by using smart controls
and the optimisation of weather-controlled air-to-water heat
pumps based on a predicted mean vote thermal comfort model.
As a result, they considerably improved thermal conditions by add-
ing factors that affect machine operations, such as solar radiation.

Sarbu and Pacurar [11] experimentally and numerically studied
indoor environmental quality in university classrooms using sub-
jective and experimental measurements in air-conditioned class-
rooms. They provided a prediction model of academic
performance, finding that student performance was affected by
indoor environmental conditions.

Delgado et al. [12] proposed an adaptative control model using
TRNSYS� to adjust and optimise the heat input from solar collec-
tors or backup boilers to maximise solar input in an indoor public
swimming pool. Their results indicate that the predictive controls
obtained from these kinds of models can reduce swimming pool
energy use by 18.76 %. Delcroix et al. [13] modelled phase change
material in building envelopes to create a wall with variable prop-
erties. Their model focused on the effect of spatial and temporal
discretisation on the performance of the model, and it was vali-
dated using wall test cases proposed by the International Energy
Agency.

TRNSYS� can also be used to develop economic analyses or even
specific heat exchangers, as published by Villa-Arrieta and Sumper
[14] and Brough et al. [15], respectively. Villa-Arrieta and Sumper
[14] presented a technical–economic model to evaluate energy
systems, coupling TRNSYS� with technical simulation software.
The economic calculation was performed according to the Energy
Performance of Buildings Directive of the European Commission.
As a result, they provide a tool to evaluate the consumption of
communities from a technical point of view.

Regarding phase change systems, Bordignon et al. [16] devel-
oped a novel model for TRNSYS� to simulate a reversible water-
to-water heat pump based on the polynomials of the compressor’s
characteristic curves, linked with Refprop�, to evaluate the proper-
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ties of refrigerants. This new model was used to analyse a ground
source heat pump in a historic building. Brough et al. [15] proposed
a new model to simulate heat pipe heat exchangers for waste heat
recovery. Using this model, the authors obtained a reduction in
emissions, as well as potential savings when using this system to
recover energy.

Although the authors have focused their efforts on the mod-
elling of the logistic centre using the TRNSYS software and an ulte-
rior improvement of the envelope design trough SketchUp�, both
of them could have been integrated in BIM technology that is
shortly explained in the next section.

2.1. Building information modelling (BIM) to estimate thermal loads

BIM technology supports the study and analysis when address-
ing a 3D digital building model with the aim of obtaining a virtual
equivalent of the buildings.

Several works may be found in the literature review which have
tackled the thermal loads of a building applying this software, but
most of them are regarding the design phase. In [17] the authors
reduce the load on the HVAC by 81.8 % using this program and ana-
lysing the most adequate façade and its orientation. Also, in [18] is
presented a framework where the algae façade is integrated in BIM
as one of the components.

Dealing with control strategies, in [19], the authors based the
research on BIM data to automatize the generation of control
strategies for a building heating system. Additionally, a BIM-
based workflow is proposed in [20] where Building Envelope
Trade-off Method (BETM) is used in the early design phase.

However, and as a result of the literature review, few works (if
any) have integrated TRNSYS� and SketchUp� into Building Infor-
mation Modelling which could be a first step for future lines of
research.
3. Logistic centre building

In this section, some features of the analysed logistic centre,
namely, its location, building characteristics, daily operating pro-
cesses, and cooling system, are described.

3.1. Location

The industrial warehouse is located in the Region of Almeria, in
southeastern Spain. This area has a warm climate, with average
annual temperatures ranging between 17 and 18 �C. Atlantic wet
fronts bring precipitation when they hit the Betic Cordillera. Rain
usually falls in torrents for a few days in the fall or spring, and
the area has very dry summers. Winters are usually mild, with
mean temperatures below 9 �C. Summers are hot, 31–32 �C are
the typical maximum temperatures in July and August, although
temperatures sometimes exceed 40 �C. Due to the size and topo-
graphical variability of the municipality, not all areas report the
same rainfall and temperatures.

If TRNSYS� does not have exact weather data about a specific
area, this information must be gathered from the the closest areas
and afterwards entered into TRNSYS�. In our work and during the
analysed year, the temperature generally varied from 4 �C to 33 �C,
and it rarely dropped below 0 �C or rose above 36 �C. Real outdoor
temperature data throughout one year were recorded and com-
pared with the same values from the TRNSYS� database, Fig. 1.

The model has been developed to obtain an average value for
the demand over a standard year. Therefore, the average climatic
data of the area where the warehouse is located are used as input
variables. Fig. 1 shows only the comparison between the tempera-
ture measure collected during a year and the temperature from the
3

database used with TRNSYS�. But it is important to note that for
the correct behaviour of the model, the authors have implemented
all the parameters of the environmental conditions as input vari-
ables: dry and wet bulb temperature, direct and diffuse radiation,
rain, humidity, etc. The weather data are taken from the meteoro-
logical database Meteonorm in TRNSYS�.

Since the outdoor temperature is higher than the warehouse’s
setpoint inside temperature almost all year, the modelling of the
building must be as accurate as possible to obtain adequate
upgrades in the refrigeration system.

3.2. Industrial warehouse

The internal dimensions of the industrial warehouse are: 276 m
long, 54 m wide, and 9.50 m high. It is divided into two areas, one
with a setpoint temperature of 8 �C and the other set at 4 �C. The
useable surface of each area is 13.456 m2 and 1.414 m2,
respectively.

The thermal envelope was built with the following construction
elements:

- Concrete wall 1.15 m high from the ground.
- Vertical walls built with 32-centimetre-thick precast concrete

from the concrete wall to 5.85 m high and from 5.85 m high to the
roof with a 10-centimetre-thick sandwich panel.

- The loading docks are 9 square metres and were built with a 7-
centimetre-thick sandwich panel.

- There are sixteen skylights located on the roof.
- The 320-millimetre-thick gabled roof has several layers of

insulation.
The 4 �C area is divided into three zones: a loading aisle, an

unloading aisle, and a chamber separated from the aisles by
sandwich-panelled walls where the goods are stored.

The layers of the walls, ceiling, and roof and the thermal trans-
mittance of each part obtained from TRNSYS� are as follows:

- Precast concrete: reinforced concrete (10 cm), XPS (10 cm),
reinforced concrete (10 cm). U1 = 0,305 W�m�2�K�1.

- Sandwich panel of external walls: steel (1 mm), rock wool
(10 cm), steel (1 mm). U2 = 0,375 W�m�2�K�1.

- Sandwich panels of the rest of the walls: steel (1 mm), PUR
(7 cm docks, 30 cm roof, 10 cm internal walls), steel (1 mm).
Udocks = 1,923 W�m�2�K�1. Uroof = 0,855 W�m�2�K�1. Uinternal walls =
1,492 W�m�2�K�1.

- Floor of the 8 �C chamber: reinforced concrete (18 cm), XPS
(10 cm), stone (30 cm). U3 = 0,292 W�m�2�K�1.

- Floor of the 4 �C chamber: reinforced concrete (18 cm), LDP
(10 cm), reinforced concrete (20 cm), polypropylene (20 cm), rein-
forced concrete (5 cm), stone (30 cm). U4 = 0,582 W�m�2�K�1.

The properties of each material are shown in Table 1.

3.3. Perishable goods and operational processes

According to the annual reports provided by the company, the
amount of goods (mainly fruit and vegetables) the warehouse han-
dles is around 2.5 million tons every year, stored according to per-
ishability, as shown in Fig. 2. The large differences in quantity
stored in peak and low seasons can also be seen. From October
to February, there are 25 % more goods stored in the warehouse.
This is because the main product the company transports is berries,
which are winter season products.

To preserve the quality of the perishable products as much as
possible, the goods are not stored more than twenty-four hours
in the warehouse. This is why the facility is running 24 h, 7 days
a week (Fig. 3 and Fig. 4), with the 24th hour equalling 00:00 h.
An average of 313 trucks load and unload goods daily. Products
are combined in the warehouse (cross docking) to fill a truck with
various products that will be delivered to customers in different



Fig. 1. Annual evolution of the outdoor temperature in TRNSYS�.

Table 1
Properties of materials used in the building envelope.

Material Thermal
conductivity

Wm�1K�1

Heat capacity

Jkg�1K�1

Density
kgm�3

Rock wool 0.39 839 31
Reinforced

concrete
2.33 1,003 2,401

LDP 0.34 2,202 918
XPS 0.29 1,449 33
Polyproplyene 0.21 1,799 911
PUR 0.22 1,502 41
Stone 2.03 1,052 1,451
Steel 50.03 448 7,799

Fig. 2. Goods stored in the w
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parts of Europe. This is the daily modus operandi of the company,
and it implies continuous opening of the loading/unloading docks.
As a consequence, infiltrations throughout the day, along with heat
released by different goods, make it difficult to achieve an accurate
model of this specific warehouse.

The amount of goods that are loaded and unloaded per hour in
the warehouse on a typical day is represented in Fig. 3, where the
obstacles to obtaining a feasible model can be seen.

Because of the significant number of trucks that arrive daily to
load and/or unload goods, a study of the existing infiltrations (see
Fig. 4) is needed to assess the systeḿs performance. At this point, it
is worth noting that more trucks are in the warehouse at the hot-
test time of the day (12:00–13:00), as Fig. 4 shows. This obviously
increases energy consumption.
arehouse each month.



Fig. 3. Tons of goods loaded and unloaded on an hourly basis.

Fig. 4. Daily number of trucks loading and unloading.
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As explained above, another key factor regarding energy con-
sumption is the thermal load generated by the heat released from
the different perishable goods. Since it is complex to gauge the
energy consumption involved in this issue, a specific methodology
to do so is presented in Section 5 (Fig. 9).

4. Description of the cooling system

To achieve proper conditions in the chambers, there is a cooling
system with two R134a chillers used to cool a propylene glycol
heat transfer fluid. This mixture is pumped through the pipe net-
work to the coils located throughout the warehouse, where the
heat exchange with the air inside the chambers takes place. Once
the mixture is heated in the heat exchangers, it is returned to the
chillers. Therefore, it is a closed indirect cooling system. The basic
design of the cooling system is presented in Fig. 5.

The operating principle of each chiller is as follows. The
refrigerant enters the compressor in a gaseous state at low
5

pressure and is then compressed to high pressure. The refriger-
ant passes through an oil separator before being sent to the con-
denser, where it becomes liquid. In the condenser, the
refrigerant releases the heat into the atmosphere (air acts as a
condensing agent). The refrigerant, which is liquid, moves into
a liquid container, from where it is distributed to the multitube
exchangers and evaporates, decreasing the temperature of the
evaporating agent (propylene glycol mixture). Finally, the refrig-
erant is suctioned by the compressors, closing the mechanical
vapor compression cooling cycle.

Besides the two chillers and the pipe network, the cooling
system includes twenty-four cooling coils located throughout
the warehouse and two pumping groups. The main characteris-
tics of this equipment and the monthly energy production of
each chiller have been obtained from the Supervisory Control
And Data Acquisition (SCADA) system installed in the ware-
house. The main characteristics of the SCADA are shown in
Table 2, Table 3 and Fig. 6.



Fig. 5. Design of the cooling system.

Table 2
Air-to-air chiller characteristics.

Cooling Capacity 795.45 kW

Cooling Efficiency (EER) 2.42
Seasonal Efficiency (ESEER) 3.53
Fluid Type Propylene Glycol (35 %)
Leaving Temperature �5.0 �C
Entering Temperature �0.5 �C

Table 3
Main characteristics of the cooling coils.

Chamber 8 �C Chamber 4 �C Loading/
Unloading
aisle 4 �C

Cooling Capacity 137.5 kW 50.2 kW 59.4 kW
Temperature air inlet 8 �C 4 �C 4 �C
Outlet air temperature 3.2 �C 1.4 �C 0.7 �C
Inlet fluid temperature �5 �C �5 �C �5 �C
Air flow 49,533 m3/h 37,254 m3/h 41,378 m3/h
Amount 16 3 2
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5. Methodology for modelling the complex system

To properly guide researchers and practitioners when mod-
elling complex systems, the methodology presented in Fig. 7 is pro-
vided to clarify the research method followed by the authors and
also the system modelling to obtain accurate results in this com-
plex scenario.

The methodology supports users in the total assessment of each
one of the main sources of consumption and compares them with
the total demand of the cooling system to detect discrepancies.
Large discrepancies, indicate shortcomings in the calculation of
the internal thermal loads, the modelling of the building envelope
or both of them.

Themethodology startswith data collection. As a consequence of
the analysis of the large empirical dataset, two main blocks of con-
sumption are identified. The first one involves the thermal loads
inside the building due to operational processes. It has three main
factors: (i) the heat released by the goods (Table 4), (ii) air infiltra-
6

tions due to loading and unloading activities and (iii) the thermal
load of internal elements like the machinery, employees, lighting,
etc. To address these issues, a procedure is designed in Section 6.
The second block of consumption involves the thermal loads of the
building envelope. To appraise accurate consumption, a 0D non-D
and 3D model are presented for their comparison with real con-
sumption demand. Section 7 is devoted to this second block.

Once the total thermal loads have been determined, the first
trial is conducted with TRNSbuild� to adjust the building envelope
with a basic non-D model. If consumption is close to the real
demand of the cooling system, the modelling is considered satis-
factory. If not, the modelling of the building envelope must be
improved through SketchUp� (3D modelling), and the procedure
is carried out again.

In this complex and dynamic scenario, the calculation of the
total internal thermal loads of the building requires comprehensive
analysis. Due to the difficulty of obtaining reliable and instanta-
neous data on the thermal loads of the infiltrations and storage
goods, a sequential step procedure is required (Fig. 8). This is
shown in the following section.

Once the internal loads have been obtained, they are computed
with TRNSYS� in both non-D and 3D. The results of this simulation
are compared with the data on real energy consumption. If the dif-
ference is below 10 %, the model is validated, and no further work
is needed. If the difference is 10 % or above, a 3D simulation is per-
formed and checked with real data to assess its feasibility. The 3D
simulation with Sketchup� includes the influence of building ori-
entation, among other things.

The results obtained with TRNSYS� and the 3D model are com-
paredwith real energy consumption data. This data is used to adjust
the models of thermal loads as it́s explained in Sections 6 and 7.
6. Internal thermal loads of the building

Because of the operational processes of the company, two fac-
tors have a great impact on the energy requirements of the ware-
house: the heat released by the goods stored until they reach a
thermal equilibrium with the warehouse (section 6.1) and the air
infiltrations during the loading and unloading processes (section



Fig. 6. Monthly energy cooling produced by chillers.

Fig. 7. Methodology to model and refine the system.
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6.2). The remaining factor to be taken into account is the thermal
load due to internal elements (section 6.3).

6.1. Heat released by the goods stored in the warehouse

Because of the complexity of the company’s operational pro-
cesses, including frequent loading and unloading, it is almost
7

impossible to gauge the exact amount (kg) of any kind of stored
product at any given time. For this reason, an average of the power
released per kilogram of goods stored must be estimated using
information such as the average heat released by fruit and vegeta-
bles (most habitually stored), the total surface available for storage
and storage density. The detailed procedure of this calculation is
shown in Fig. 8.



Table 4
Heat released by the different types of goods stored in the warehouse in kcal/t.

Goods Temperature [oC] Annual amount over total
goods stored [%]

0 4.4 15.5

Celery 450 670 2300 4.32 %
Blueberry 170–200 240–270 400–500 4.80 %
Onion 185–310 490–550 – 3.99 %
Cherry 370–490 – 3000–3700 0.83 %
Cabbage 330 470 1130 0.99 %
Salad 3100 4400 12,800 0.62 %
Spinach 1180–1550 2200–3100 10,500 3.17 %
Raspberry – – 4300–4900 5.60 %
Strawberry 700–1050 1400–1800 4300–5300 5.31 %
Pea 2300 3700 11,000 2.82 %
Bean 1500–1700 2500–3200 9000–12000 5.38 %
Lemon 160 225 830 4.26 %
Sweet corn 1800 2600 11,600 3.12 %
Apple 185–280 300–500 1200–1800 2.15 %
Peach 240–380 400–560 2000–2600 2.34 %
Melon 370 540 2400 2.72 %
Orange 190–250 390 1400 6.43 %
Potato 120–240 300–490 610–980 5.38 %
Cucumber 470 700 2900 5.08 %
Pear 180–240 – 2400–3700 1.91 %
Sweet pepper 750 1300 2350 1.07 %
Banana – – – 4.49 %
Beetroot 740 1130 2000 5.97 %
Mushroom 1700 6100 16,000 5.97 %
Tomato 280 350 1700 0.78 %
Grape 85–120 – – 6.08 %
Carrot 590 960 2250 4.43 %

Fig. 8. The steps followed to calculate the constant of the thermal load generated by the goods.
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First of all, it is necessary to obtain the average heat released by
the goods, AHRG. For this purpose, the values included in Table 4
[21] are used. The last column of Table 4 represents the space in
the warehouse set aside for each product annually and based on
the space occupied by each type of perishable good (e.g. Celery
occupied a 4.32 % area of all storage goods in a standard year).
These values have been obtained from the annual report provided
by the company month by month during the year of study.
8

The second step to obtain the average heat released by the
goods is to estimate the amount of goods (in kg) that can be stored
in the warehouse, which depends on:

- The area occupied by each good (a) and.
- Their stored density (b).
To calculate (a), it is necessary to know the Useful Area of the

Warehouse (UAW). This is the space available for storing goods,
and it is equal to the total area of the facilityminus the space needed



Fig. 9. Monthly heat released by the goods stored in the warehouse.
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for elements like the machinery used by employees. Coefficient B
(see Fig. 8 and equation (1)) represents this space for machinery.
Its value equals 0.85 and it has been provided by the managers of
the warehouse. To gauge the UAW, equation (1) is applied.

To calculate (b), two coefficients are needed: the first one repre-
sents the gross product load (GPL), which means the storage den-
sity, or the maximum quantity of goods that can be stored per
square meter and the coefficient kstorage = 0.7 (given by the ware-
house managers), considering storage height. According to storage
regulations for perishable products, the storage density GPL = 448.
25 kg�m�2, and it is computed using equation (2).

To calculate the gross product load, equation (2) is used.

UAW m2� � ¼ TAW m2� � � B ð1Þ

NPL kgm�2� � ¼ GPL kgm�2� � � kstorage ð2Þ
where

- UAW is the Useful Area of the Warehouse.
- TAW is the Total Area of the Warehouse.
- NPL is the Net Product Load.
- GPL is the Gross Product Load.
- kstorage represents the density of storage considering the storage
height.

In this way, the useful area of the warehouse is 10,400 m2, and
the net product load using equation (2) equals 313 kg/m2.

NMAG kg½ � ¼ UAW m2
� � �NPL kgm�2

� � ð3Þ
where

- NMAG is the net maximum amount of goods.

Computing UAW and NPL in Equation 3, the net maximum
amount of goods (NMAG) possible to store in the warehouse equals
3,255,200 kg.

The former value allows us to estimate the heat released by the
maximum possible goods stored in the warehouse by multiplying
NMAG by the average heat released by the goods (AHRG), follow-
ing equation (4).

HRMAG W½ � ¼ AHRG W kg�1� � �NMAG kg½ � ð4Þ
9

kgoods W kg�1� � ¼ HRMAG W½ �
NMAG kg½ � ð5Þ

where

- HRMAG is the Heat Released by the Maximum Amount of
Goods.

- AHRG is the Average Heat Released by the Goods.

As a result of equation (4), HRMAG = 4.74 kW.
Finally, as a result of equation (5), for the constant kgoods, which

means the power released per kilogram of goods, an average value
of 0.1437 W�kg�1 is obtained.

In addition to the heat released by the goods, the monthly
hourly average of heat released by the stored goods is calculated
and shown in Fig. 9. The obtained values will be introduced later
in an internal ‘‘Forcing Function” in TRNSYS� and connected to
the element ‘‘Multizone Building” (Type56 of TRNBuild�) as input
for internal gains.

6.2. Air infiltrations

To calculate air infiltrations, it is worth mentioning the two
types of air infiltrations that have been considered in this work.
The first one takes place before the truck is parked at the dock,
which is completely open, and the second one takes place once
the truck is parked. There are small gaps between the dock and
the back of the truck through which air passes. To estimate the
monthly average air infiltrations, it is necessary to consider several
parameters:

- The time the truck is parked is around 2 min and 47 secs, tp.
- The time spent loading or unloading one pallet is 53 secs, tl/u.
- The number of trucks that arrive to the warehouse daily is 387

in peak season and 239 in low season, at. As was mentioned in Sec-
tion 3.3, the average is 313 trucks per day.

- The area of each dock is 8.6 m2, ad, and the gap through which
air passes in the non-hermetic dock during loading and unloading
is 0.34 m2, al=u.

Once these factors are known, the constant is calculated using
equations 6 and 7:

kparking m2 � sec �h�1
h i

¼ at trucks � hour�1� � � tp sec½ � � ad m2� � ð6Þ
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kl=u m2 � sec �h�1
h i

¼ np pallets � hour�1� � � tl=u sec½ � � al=u m2� � ð7Þ

Sometimes, this information is confidential. For modelling pur-
poses, only average or estimated values are necessary. The flow
rate of air infiltrations is calculated by multiplying the monthly
constant, entered in TRNSYS� by an internal ‘‘Forcing Function”
(Type 14), correlated by wind velocity, which is computed with
the ‘‘ENERGYPLUS WEATHER FILES (EPW)” Type 15 in TRNSYS�.
The monthly constant has been estimated following the procedure
previously described. A correlation is obtained between wind
speed and thermal load due to air infiltration in the storage area,
as shown in equation 8.

_q
m3

h

� �
¼ kinf iltrations

m2 � sec
h

� �
� vwind inf iltrations

m
sec

h i
ð8Þ

During the adjustment process, several combinations of kinfiltra-
tions were checked (see Table 5), but only one constant profile was
chosen for the simulations. See Fig. 10 for the thermal load gener-
ated by the different air infiltration profiles. To calculate the pro-
files of the constants of the rejected kinflitrations, the parameters
used to calculate the rate of air infiltrations has been replaced with
values considered acceptable by the company because, according
to the workers, both times for parking (tp,) and load/unloading
one pallet (tl/u) are accurate. The difference between real and sim-
ulated energy use differs by only 6.75 %.

6.3. Other internal gains: lighting, workers and machinery

Besides the two most important sources of consumption
described, there is another internal thermal gain to be considered
and included in the model. It includes lighting, workers and
machinery.

Light consumption was calculated by considering that the total
electrical power installed per square metre is roughly 2W�m�2, but
it only works in places where goods are stored. The occupied area
of the warehouse was calculated by averaging the daily number of
loaded and unloaded pallets. Once this value was obtained, it was
multiplied by the total electric power previously calculated to get
the thermal load of lighting.

The procedure to calculate the internal gains caused by workers
is similar. The maximum number of workers in the warehouse was
used. According to the standard, [22] the metabolic heat gain from
this kind of worker is 415 W. Knowing this value and the number
of workers per hour in the warehouse, the thermal load from the
workers was calculated.

Finally, the machinery involved in moving the pallets averages
2 kW according to the datasheet. This is affected by a coefficient
of 0.2 to convert it into a thermal load. To calculate the thermal
load, it is worth noting that half of the machinery is normally
working at the same time.
Table 5
Values used for constant kinfiltrations for the different cases analysed, in m2�sec�h�1.

Optimal Case Case

January 29,918.39 36,55
February 29,986.04 36,59
March 18,951.16 18,47
April 18,866.30 18,43
May 18,904.71 18,45
June 18,882.43 18,44
July 18,935.42 18,46
August 18,836.61 18,41
September 18,933.50 18,46
October 29,872.13 36,53
November 29,943.27 36,57
December 30,018.81 36,60
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Once the three additional sources of thermal gains were esti-
mated, they were represented in Fig. 11.

As depicted in Fig. 11, the internal thermal loads are lower in
the summer months, and they increase in the winter months.
One important detail is that the lights are only on when the pallets
are under them, so consumption decreases when there are fewer
goods stored in the warehouse (see Section 3.3). The thermal loads
of workers and machinery are also lower in the warmer months.

Fig. 12 depicts a Pareto chart showing how the influence of
these internal gains in warehouse energy needs is insignificant.
The total thermal load generated by machinery, workers and light-
ing accounts for only 2.20 % of total energy use, while the influence
of the thermal losses through the envelope and the thermal load
generated by air infiltrations and the goods stored make up
97.80 % of the total energy consumed.
7. Building model

Once the thermal loads were obtained, the next step was to
model and simulate the building. To avoid unnecessary work, a
simulation with a non-D model was carried out. If the validation
of this first model with real data is sufficiently accurate (with a dif-
ference from real energy use data of less than 10 %), the model can
be accepted, and no more work is needed. If not, a 3D model must
be developed using SketchUp�, as explained below.

There are several software packages to model building envel-
opes. After reviewing the literature, TRNSYS� software was chosen
based on researcherś opinions about the suitability of its software
for building energy modelling, TRNBuild�. At the beginning of the
modelling, the non-D version might be sufficient, without any 3D
design software necessary. An energy model can be created
directly by entering the dimensions of the surfaces and the orien-
tation of each part of the thermal envelope along with the layers
that comprise it. However, due to the complexity of the real sce-
nario to be modelled, the inaccuracy of the initial results could
serve as a warning that 3D design software should be used. In this
case, the 3D design software called SketchUp� could be selected to
create a geometric model to develop an energetic model. The use of
SketchUp� software has resulted in the warehouse model depicted
in Fig. 13.

SketchUp� has several advantages that make it a good alterna-
tive. For instance, its interface is intuitive and easy to learn. It is rel-
atively inexpensive, and it also has a plugin to create thermal zones
that can export the geometric model to TRNSYS� more easily.

Once the geometric model has been made in SketchUp�, it is
exported to TRNSYS�, where a new project is created using the
modelled building (‘‘.idf” file) from SketchUp�. At this point, some
interesting aspects must be mentioned for proper modelling and a
better understanding of the procedure followed in this work.
1 Case 2 Case 3

9.19 59,918.39 17,359.19
3.02 59,986.04 17,393.02
5.58 34,551.16 12,475.58
3.15 34,466.30 12,433.15
2.35 34,504.71 12,452.35
1.22 34,482.43 12,441.22
7.71 34,535.42 12,467.71
8.31 34,436.61 12,418.31
6.75 34,533.50 12,466.75
6.06 59,872.13 17,336.06
1.63 59,943.27 17,371.63
9.40 60,018.81 17,409.40



Fig. 10. Thermal load for each case of air infiltration rate analysed.

Fig. 11. Thermal load generated by other internal gains.
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This building has two different temperature zones and a com-
munication chamber between them, with 21 independent cooling
coils in total (as Fig. 5 shows). Thanks to the 3Dmodel, it is possible
to locate each coil inside the building. The 3D model also provides
the possibility to set the thermal loads received in each cooling coil
independently.
7.1. Implementation in TRNSYS�

Once every factor has been estimated and introduced in
TRNSYS�, the model is ready to simulate the thermal performance
of the building. The results are shown in the next section.

Previous to the simulation, some basic settings need to be
established in the software. There are two basic settings: the sim-
ulation time, which is a calendar year, and the simulation time
step, which is one hour. The remaining settings are established
by default. The final version of the model in TRNSYS� is presented
in Fig. 14.
11
The boundary conditions imposed on the model are the
following:

- Environmental conditions of the climatic working area clos-
est to the warehouse. These conditions were recorded every
15 min. The weather data was taken from the meteorological data-
base, Meteonorm in TRNSYS�.

- Required Internal conditions for adequate storage of the
products. Two storage zones were considered, zone 1 chamber at
4 �C and zone 2 chamber at 8 �C. Four differentiated refrigeration
zones were modelled with SketchUp�: the 4 �C chamber, the 4 �C
loading and unloading antechambers and the 8 �C chamber.

- Internal thermal loads from stored goods, infiltration,
machinery, workers, etc. Conditions, quantity, thermal character-
istics, the time the goods were not refrigerated during the loading/
unloading process, the characteristics of the dock, etc., see
Section 6.

In the case of the 3D model, the location of each cooling coil was
imposed as a boundary condition. In this way, it is possible to
locate each coil inside the building, and the 3D model provides



Fig. 12. Pareto chart for the different thermal loads.

Fig. 13. Geometric model of the warehouse in SketchUp�.
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the possibility to set different thermal loads received by each cool-
ing coil independently. With the information of each cooling coil
and the different loads based on the orientation of the building, a
Fig. 14. TRNSYS� sim

12
better adjustment of the overall energy consumption data was
obtained than that of the non-D model.

8. Results and discussion

In section 6, we said that the thermal loads generated by air
infiltrations and the goods have a great impact on the warehouse’s
energy needs. In fact, according to the results obtained from the
simulations, these factors combined account for 65 % of the aver-
age monthly energy consumption of the warehouse. Fig. 15 shows
the influence of air infiltrations and the heat released by the goods.

However, considering the influence of each factor individually is
even more remarkable. According to the simulations, the thermal
load caused by air infiltrations contributes 47 % to monthly energy
use, while the thermal load for goods is 18 %. This clearly shows the
value of modelling these two factors as accurately as possible, as
well as controlling them to reduce energy consumption in the
warehouse.
ulation sketch.



Fig. 15. Influence of the air infiltrations and heat released by the goods in the energy needs of the warehouse.
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As was mentioned at the beginning of the previous section,
there are two possible energy models: one created without any
3D design and one using a 3D design. The first is referred to as
the non-D model, and the second one, the 3D model.

The most relevant results of the simulations are shown in
Fig. 16. Taking into account that both models have the same values
for all the internal thermal gains, it can be seen how there is signif-
icantly less difference between the 3D and real data charts than
between the non-D model and real data.

These differences are expressed in percentages in Fig. 17. The
monthly average difference between the 3D model and the real
data is 7.22 %, while the difference between the non-D model
and the real data is 26 %. During autumn, winter and spring, the
errors are close to 0 %, while during June, July and August, the error
Fig. 16. Comparison between the 3D(red) and non-D(blue) models and real data (black
referred to the web version of this article.)
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fluctuates. This is due to the large differences in temperature
between the outside environment and the refrigerated warehouse.
Infiltrations become a more important factor during the summer. A
special study of the times, schedule and number of loading/unload-
ing processes during these months could improve the detailed
model of infiltrations during this period.

Most of the uncertainties involve thermal loads due to infil-
trations. To be more accurate, the infiltration model needs to
have well-detailed boundary conditions (instantaneous environ-
mental data and, overall, the areas of infiltration and the exact
loading and unloading times for each operation must be well-
defined).

Fig. 18 shows the comparison of instantaneous thermal energy
consumption during a week between:
). (For interpretation of the references to colour in this figure legend, the reader is



Fig. 17. Percentage of monthly differences between 3D and non-D models compared to real energy demand.

Fig. 18. Comparison between actual values and 3D model with/without actual data values due to infiltrations.
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- Measured data (blue),
- 3D-modelled data for a whole year (orange) and
- 3D-modelled data with real, instantaneous data on (grey): (i)
controlled, measured infiltration demand, (ii) environmental
data (external temperature, humidity, etc.) and (iii) instanta-
neous internal thermal demand (goods, machinery, etc.)
imposed as boundary conditions. This data was collected during
a campaign to measure the infiltrations of the warehouse (times
of loading/unloading processes, velocity of air mass flows in/out
of the warehouse, etc.), exhaustive control of stored goods and,
of course, with real, measured environmental data.
14
It is possible to see that the accuracy of the model is very
high when the infiltration contribution to the demand is the cor-
rect one.

These boundary conditions are almost impossible to be mea-
sured in a real installation during a whole year and, in addition,
the capacity of the model to evaluate possible improvements over
the system (e.g., increase envelope insulation) will be reduced
because of the constrictions of the modelled scenario. But detailed
modelling of the thermal demand due to infiltration, and its possi-
ble correlation with easily measurable parameters such as instan-
taneous wind velocity, open a future line of work for researchers.
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Another drawback when addressing the cooling system power
design is the uncertainty when measuring internal thermal loads
due to operational processes. These thermal loads may not be
considered as important as the building envelope in the first
step, which is a major mistake. However, there are few works
incorporating methodologies to guide users on how to quantify
these thermal loads and validate the results in the timespan of
one year.

The value of simulation, which has been clearly presented in the
literature review, supports decision-makers when assessing the
behaviour of a building or when improving the envelope, which
implies an investment. On occasions, to avoid the risks involved
in uncertain data, the investment is not carried out or, if it is, the
outcome is not as profitable as expected or, in the worst case, it
produces unexpected losses. Some researchers could be concerned
about these incomprehensible discrepancies without suspecting
that the answer may be found in a basic modelling of the envelope
using TRNSYS�.

The main essence of this work is to give guidance when mod-
elling a complex, highly uncertain scenario, like the one illustrated
in this paper. First of all, it should be noted that identifying the
main sources of consumption is a requirement. To achieve this
goal, users must be aware of the differences when modelling with
the basic elements of TRNSYS� or when more sophisticated work is
conducted when modelling the building envelope. Daily opera-
tional processes may have deeper and unexpected impacts on
the thermal loads than the building envelope. Although the calcu-
lation is cumbersome, this research has illustrated that the impact
on the final result is unquestionable.
9. Conclusions

This study exemplifies how a large building with complex daily
processes can be modelled to simulate thermal performance. With
this aim, annual energy simulations for non-D and 3D (Sketchup�

and TRNSYS�) models were carried out. Previous to performing the
simulations, a methodology and procedure to estimate the thermal
loads of different goods were provided to support the researchers
and practitioners. To check the robustness of the developed model,
the results of the simulations were validated using real data for one
year.

Several significant findings have resulted from this study. One
of the most remarkable aspects of this kind of modelling is to
resolve the quandary between user-friendliness and accuracy.
When the objectives are to obtain basic results and be easy to
use, non-D software is recommended. Moreover, the workload
involved in modelling a building in non-D is considerably less. As
has been demonstrated by the simulations, when more exact
results are needed, a geometric model using 3D design software
should be developed and then exported to create the energetic
model.

As it was shown in Section 6, the 3D model reduces the differ-
ence from the real data by 19 %, going from 26 % for the non-D
model to 7.22 %.

The possibility of modifying the thermal load profiles calculated
following the procedure explained here increases the value of this
kind of modelling. This method has demonstrated optimal results
and has shown that it is possible to decrease energy consumption
by simply changing some parameters of the loading/unloading
processes.

Another important conclusion is that by means of the proposed
modelling and methodology, a more reliable assessment of possi-
ble investments, projects and/or actions to improve thermal effi-
ciency in an existing building are possible. In addition, the
methodology is useful to calculate the necessary thermal demand
15
of a similar warehouse under construction or in the design phase
and therefore, to adjust the investment for the HVAC system.

To obtain a detailed model of energy consumption due to infil-
trations, a record of loading/unloading processes with times,
schedule and goods should be made available.

As a result of our findings, some guidelines can be provided to
increase companies’ competitive advantage by reducingenergy con-
sumption and decreasing CO2 emissions, contributing to SDG7. By
modelling the facility, major sources of consumption were identi-
fied. The most important of these was infiltration of air from the
docks, accounting for 47 % of the total energy consumed and the
energy required by the goods, accounting for 18 %. The implications
for managers are focused on enhancing operational procedures for
workers when loading and unloading. This includes controlling the
timewhen the docks are open and improving infrastructures to seal
the gaps between trucks and the dock.

As future works and usefulness of the described model is possi-
ble to say that: the 3D model and methodology could be used dur-
ing the design phase for new buildings to optimise the placement
of each cooling coil; to calculate the power of HVAC System; to
decide the correct isolation, etc. The modelling of different pre-
construction scenarios (building location, expected climate,
expected internal loads, type and quality of the envelope, etc.)
would be possible following the described methodology. As well
as the adaptation to possible internal and external thermal situa-
tions to which the building may be subjected and the response that
the installed refrigeration equipment may have in a quick way and
with average values close to reality.

The clear limitation of the described model is the inability to
obtain detailed results for specific points of the building, as tem-
perature values, wind velocity, thermal loads due to infiltration
or other fluid dynamics parameters. The model is designed for
the response of global thermal loads differentiated by zones (or
defined areas of the building) and is not intended to be a CFD
model. This limitation becomes an advantage when it is compared
its calculation time versus CFD models and with its quick adapta-
tion to different scenarios. While with CFD models it is necessary
to prepare detailed meshes with millions of cells to obtain useful
results for each scenario, with this model its only necessary to
define correctly the boundary conditions.

The described model can offer a global calculation of building’s
thermal loads of any one of the zones the designer may consider.
And also, it́s possible to use the results given by the model in order
to select the HVAC equipment and its performance; to optimise the
power required; and/or to evaluate the amortisation of different
energy retrofitting actions on the building.
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