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Abstract: Worldwide, the design, renovation, and sustainable management of port buildings play
a crucial role for sustainability. In this framework, a computer simulation of a building’s thermal
behaviour is an almost mandatory tool for making informed decisions. However, the development
of a building energy model is a challenging task that could discourage its adoption. A possible
solution would be to exploit an existing Building Information Modeling (BIM) model to automatically
generate an accurate and flexible Building Energy Modeling (BEM) one. Such a method, which
can substantially improve decision-making processes, still presents some issues and needs to be
further investigated, as also detectable from the literature on the topic. In this framework, a novel
workflow to extrapolate BIM data for energy simulation is proposed and analysed in this paper.
Here, the BIM to BEM approach was tested as a useful tool for the maritime industry to improve the
implementation of effective energy-saving measures. Specifically, in order to prove the capabilities
of the proposed method, a maritime passenger station in Naples was chosen as case study and
investigated by comparing different strategies to reduce the annual primary energy consumption.
The optimal level of modelling detail required by a trustable building energy assessment was also
investigated. By the proposed method, interesting primary energy savings (ranging from 24 to 41%)
are achieved and CO, emissions avoided (ranging from 16 to 34 tons CO, /year) for the investigated
building, proving the potential of this approach. Definitely, this paper proves the validity of the
proposed methodology and emphasizes its numerous benefits towards the achievements of the most
modern sustainability standards.

Keywords: BIM to BEM; energy efficiency; nearly zero energy building; nearly zero energy infras-
tructures; dynamic simulation

1. Introduction

Attention to ecological issues has increased significantly in the maritime sector for
both ports [1] and ships [2,3]. As stated in the 2020 Environmental Report [1], the European
Sea Ports Organisation (ESPO) has ranked air quality, climate change, and energy efficiency
as the top three of its ten environmental priorities. The growing awareness about this
topic has led many ports to plan concrete actions to reduce energy consumption that are
often carried out in the framework of international standards such as ISO 50001 and EN
16001, or specific tools developed to support environmental management in ports, i.e., the
Port Environmental Review System (PERS). The enhancement of the energy efficiency of
ports can also be seen as part of the broader research trend regarding independent and
semi-independent energy communities [4-6].
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1.1. Renovation or Redevelopment Project of Port Areas

Among technological and operational energy-saving measures adopted in the Euro-
pean seaports, the improvement of building performance by means of innovative design
and/or renovation of existing infrastructures has been considered as one of the key so-
lutions to face ESPO priorities, highlighted also by Sdoukopoulos et al. in their recent
work [7]. They provided an overview of the main policies, technologies, and practices that
European ports have adopted to-date for enhancing energy efficiency. The authors collected
several cases of actual building renovations that were developed in harbour areas in the last
years, mainly in the Baltic Sea. The survey addressed different building typologies such
as offices and passengers terminals, as well as warehouse buildings [8], involving passive
design concepts, innovative heating, ventilation, and air conditioning (HVAC) systems,
and renewable energy technologies for the in-site electricity and thermal energy production.
It is worth mentioning the significant examples of the office buildings of Vartahamnen
port and the terminal passengers’ building of the Port of Portsmouth. Both of them were
designed following the most modern eco-building standards and their heating and cooling
systems have been equipped with seawater source heat pumps exploiting the renewable
thermal energy from seawater. Such a solution allows very high performance for hot and
cold water production, however, its application is limited by seawater temperatures [9].
The North Adriatic Sea Port Authority also recognises the importance of renovating port
buildings [10]. After energy audits on buildings located in the harbour area of Venice and
Marghera (office and artisan activity buildings), it was found that, although they were ren-
ovated in 2007, the investigated buildings have low thermal insulation, which causes high
energy consumption, both in terms of fuel for winter heating and electricity for summer
air conditioning. Acting through the insulation of walls and floors, the replacement of
windows and doors and the replacement of the current methane heat generators with heat
pump systems, it could be possible to significantly reduce energy consumption and related
CO; emissions.

An interesting report dealing with the energy planning of the Port Lands of Toronto
provides useful guidelines for a net zero energy district [11]. The adopted approach
involves the calculation of energy use, energy demand, and GHG emissions for different
strategies of development, in order to understand the potential future energy needs of the
Port Lands. In addition, current trends and practices in developing net zero communities
were investigated by exploring existing and in-development case studies buildings such
as Hammarby Sjostad, HafenCity, and Dockside Green (see Figure 1). The pillars that
the author identified to reach the goal of net zero energy districts were: (i) improving the
codes and standards, (ii) enhancing energy conservation in new buildings, (iii) adopting a
building-scale local energy supply, and (iv) adopting block-scale energy sharing networks.
In addition, other unique opportunities, such as creating synergies with the Portlands
Energy Centre and the geography of the Port Lands itself within Toronto’s waterfront, were
identified, and specific technologies were then evaluated to understand their potential
contribution towards achieving net zero.

Furthermore, in a recent study of Vaher et al. [12], a review of the active and passive
strategies adopted in large buildings (i.e., non-residential, museum, airports, and a cruise
terminal) is reported with the aim of making the Tallinn cruise terminal a nearly Zero
Energy Building (nZEB) and providing useful guidelines for efficiency improvement of
similar buildings in northern climates. From the experiences retrieved from other case
studies and the modelling and simulation of the investigated one, the authors defined the
pillars for the effective and sustainable operation of the Tallinn cruise terminal that may
be also extended to other similar buildings. The solutions proposed were (i) reduction of
window facade solar factor and adoption of solar protections; (ii) increasing heating and
cooling efficiency by seawater source heat pumps; (iii) adoption of demand-controlled de-
vices for ventilation and lighting in order to avoid energy waste due to irregular occupancy;
(iv) on-site electricity generation. The authors assessed the potential energy savings and
indoor air conditions by means of a commercial dynamic simulation software, i.e., IDA



Energies 2021, 14, 4854

30f24

Indoor Climate and Energy [13], which is one of several commercial design tools available
for building energy modelling (BEM). Although the methodology of BEM is currently
widely used in the construction industry, as it represents the most effective state-of-the-art
tool to predict building behaviour, the work of Vaher et al. is one of the few examples found
in the scientific/technical literature that explicitly addresses BEM for building design in
the maritime sector.

Figure 1. (a) Hammarby Sjostad, the industrial harbour of Stockholm, Sweden, redeveloped in 2004. (b) HafenCity,
Industrial harbour in central Hamburg, Germany, renovated to accommodate population growth without consuming more
land. (c) Dockside Green, the waterfront brownfield redevelopment in Victoria, Canada, the first LEED Platinum community
in the world [11].

1.2. Application of BIM and BEM Methodologies

As said, BEM has experienced significant growth in recent years [14]. Its application
within the construction industry by architects and engineers allows building energy con-
sumption reduction by supporting informed choices of effective low energy-consuming
strategies [15,16]. There are several software that enable whole-building performance
simulations (BPS), both commercial and open-source. To encourage their application, the
U.S. Department of Energy (US DOE) hosts and maintains the BEST Directory, a list of
recognised Building Energy Software Tools (BEST) which counts 207 among BPS and other
useful tools at the time the authors wrote this paper. In addition, many in-house BPS
have been also developed within universities or scientific institutions for the purpose of
more advanced research [17,18], or to enhance capabilities for complex simulations [19,20].
Modelling of innovative energy systems and multi-building simulations are also interesting
applications of BPS [21,22].

Physics-based building energy models require a high number of input parameters
to carry out detailed dynamic calculations on an hourly or subhourly basis, i.e., hourly
outdoor boundary conditions, building surface and space geometry, envelope thermal
characteristics, occupancy and operation profiles, HVAC systems configurations, etc. [23].
The implementation of such building models is often complex and time-consuming, fur-
thermore, design or construction firms use BEM only at an advanced stage of the project
which reduces its potential benefits [24]. Indeed, BEM technologies have the capability of
improving design from the point of view of the end-use energy consumption if adopted in
the early phase of the design, following an Integrated Design Process (IDP) [25]. In this
framework, building information modelling (BIM) is fundamental to streamline project
management and integrate all involved professionals and stakeholders [26]. Digitalisation
of the project information in a unique BIM model introduces an important simplification
for interoperability between the different project areas, such as architects, civil and me-
chanical, electrical, and plumbing (MEP) engineers, general contractors, etc. Therefore,
energy modelers may also benefit from a BIM database to develop BEM models, avoiding
redundant building model creation and speed up the design [27]. This methodology, called
BIM-based BEM or BIM to BEM, has been investigated in literature and is becoming a
common practice in the industry. Nevertheless, this methodology is still unperfect and
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can introduce geometry errors and loss of data during export/import procedures [28].
BIM to BEM relies on two transfer file formats: IFC (Industry Foundation Classes), de-
veloped by buildingSMART [29], and gbXML (Green Building XML) [30]. While the first
one was mainly designed for exchanging data from BIM to BIM, gbXML embeds specific
information allowing BEM model definition [31,32]. Both of them are continuously up-
dated to provide essential tools in the context of building energy modelling and to boost
collaboration among practitioners.

The validity of the described approach is proven for various building types, such as in-
dustrial [33], educational [27,34], and residential [35,36]. The current trend is to increasingly
improve the integration of energy simulations within the BIM environment [37], which are
particularly useful for preliminary sensitive analyses [38]. However, it is still incomplete
and does not meet the users’ needs regarding flexibility [39]. Other authors studied and
developed specific algorithms to join BIM and BEM capabilities, as in [40], where gbXML
generated by different BIM authoring software were used to export geometry to custom
metamodels for energy calculations. The authors also highlighted the need for the stan-
dardisation of data transfer schema, as several issues were encountered depending on the
choice of the BIM software. This could also encourage the development of more complex
workflows including multiphysics environment, such as advanced thermal and acoustic
simulations [41], life cycle assessment (LCA) analyses [42], computational fluid dynamics
(CFD) simulations [43], or daylighting and occupant thermal comfort assessments [44—46].

In this framework, aiming at boosting the adoption of the BIM to BEM methodology
in the context of building construction or refurbishment, a novel workflow, purposely
conceived to extrapolate and convert BIM data into readable inputs for BEM, has been
developed and here presented. Specifically, the proposed methodology is suitably con-
ceived to provide detailed and accurate dynamic calculations of the thermal and electrical
needs starting from a digital model of the building. The developed workflow is based
on the use of the two most used BIM and BEM software in the architecture, engineering
and construction (AEC) industries, Aufodesk Revit and OpenStudio. While Autodesk Revit is
one of the most advanced BIM authoring software available on the market, OpenStudio is
open-source, designed, and developed to be a flexible and easy tool for energy modelling.
This combination has the potential to become an attractive tool for both professionals
in the building sector, who increasingly pay attention to energy saving in their projects,
and researchers. Aimed at testing the novel approach capabilities, this was adopted to
investigate a suitable and innovative case study. Specifically, a detailed BIM-based BEM
model of the new “Molo Beverello” maritime station of Naples (a real building located in
the South of Italy and currently under construction) was developed with the twofold aims
of supporting design decisions oriented to energy consumption reduction and providing a
consistent tool for continuous improvement in facility management. The considered project
is part of a wider redevelopment plan of the port area and aims to achieve high standards
of efficiency. In addition, modelling and simulation of suitable energy-saving measures
were carried out to test the proposed workflow and verify the model reliability for its usage
during the entire life cycle of the building as a management tool. Indeed, facility managers
in maritime industries might benefit from this work to implement strategies within their
own PDCA cycles (plan, do, check, act) that standards such as ISO 50001 or PERS require.
Further analyses were also conducted in order to identify the optimal level of detail, or
level of development (LOD), required to obtain accurate energy models with acceptable
modelling efforts.

2. Materials and Methods

As previously specified, this paper aims to analyse a novel workflow based on the
state-of-the-art practices of the BIM to BEM approach to be applied to the design and
operation management of maritime station facilities. The proposed workflow, based on
the Systems Analysis feature implemented within Autodesk Revit, one of the most used
BIM authoring software, allows users to automatically export BIM-driven building and
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HVAC system data to gbXML that is consequently imported into OpenStudio, the building
simulation software kit developed by the U.S. National Renewable Energy Laboratory
(NREL). OpenStudio has the capability to create BEM models from a gbXML file, manipulate
it programmatically or via its Graphical User Interface (GUI), and perform annual building
energy simulations by means of EnergyPlus, the latest building simulation engine by the
U.S. Department of Energy (DOE).

Revit introduced Systems Analysis with the Autodesk Revit version 2020.1, providing
a series of scripts, called measures, to extrapolate and process information from gbXML,
set simulation parameters, and query the calculation engine to obtain specific outputs.
Furthermore, custom measures can be implemented to boost modelling and extend the BIM
to BEM capabilities. In this framework, the proposed analysis was developed by means
of Autodesk Revit 2022, OpenStudio CLI 3.2.0, and OpenStudio Application 1.1.0. The
process phases are described in detail in the following sections after the presentation and
characterisation of the case study, referred to the maritime station of “Molo Beverello”, a
real project currently under development in the city of Napoli, southern Italy. A schematic
diagram that reflects the methodology adopted is reported in Figure 2 which highlights
the main tasks carried out during the process: data collection, BIM and BEM model
development, model manipulation and review, simulation, and postprocessing. The entire
process was carried out paying particular attention to the problems encountered along the
way, to the operations necessary to eliminate such problems, and to the development of a
real workflow able to optimize and speed up the whole process, including a postprocessing
activity able to group, present and make easily analysable and usable the results provided
by the software.

2.1. Case Study

The project of the Molo Beverello is part of a wider plan of “Redevelopment of the
monumental area of the port of Naples” which follows the idea of improving the interaction
and integration of the urban and port resources. The project, approved in 2018, consists of
two parts:

1. The construction of a Commercial Area directly connected with the metro station of
“Piazza Municipio”;

2. Re-arrangement of the “Molo Beverello” area, directly connected to the Commercial
Area and to the pedestrian tunnel coming from the adjacent subway station. This
project includes the construction of a new passenger terminal station for the fast sea
lines to the islands of the Gulf of Naples.

Figure 3 shows a rendering of the project of the new terminal directly taken from the
project documentation provided by the design and construction firm that is realizing the
project. An energy survey was already carried out to assess energy consumption and to
size the thermal plants, however, advanced modelling and simulations were carried out to
propose new measures able to reduce consumption and promote energy efficiency.
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Figure 3. The new “Molo Beverello” of the monumental area of the port of Naples.

2.2. Data Collection

All the information required to carry out the analysis were retrieved from the detailed
design documentation, provided by the general contractor [47]. Furthermore, climate-
related data of Naples were considered. Specifically, the Napoli Capodichino International
Airport weather file from the IGDG collection was used for simulations. A 2D represen-
tation of the terminal within the context in which it is going to be built is provided in
Figure 4. More detailed data related to the investigated facility design are omitted as they
are intellectual property of the design engineering company [48].

Figure 4. Site 2D drawing of the project.

With respect to the thermal properties of constructive elements such as walls, floors,
ceiling, doors, and windows, the U-values and thermal capacities of the building com-
ponents were calculated accounting for all materials they are made of. Specifically, the
characteristics of the main envelope elements are summarised in Table 1. Please, note that
these values are those selected by the design firm following the current Italian normative
which provides mandatory thresholds for each building component feature (e.g., U-value,
thermal mass, etc.) depending on the considered weather zone [49].
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Table 1. Characteristics of the main envelope components.

Surface Type U Value Thermal Mass SHGC
(W/m?2K) (kJ/m2K) )
Window fagade 1.25 - 0.2
External wall 0.36-0.56 318-544 -
Internal wall 0.36-3.3 38-544 -
Floor 0.28-0.31 1197-1243 -
Ceiling 0.31 877 -

The facility, with a total area of 2340 m? (2119 m? conditioned) and an overall volume
of 8675 m3, is expected to host a maximum number of 400 people during peak hours. The
building consists of a total of 42 different spaces, grouped in 7 different thermal zones, while
7 not-conditioned spaces used as technical rooms are treated as single isolated thermal
zones. Table 2 provides the information related to spaces and thermal zones as defined for
energy modelling purposes. The HVAC system comprises two air handling units (AHU),
balancing the latent and sensible (partially) heating and cooling loads, and a hydronic water
loop to balance the remaining sensible loads by means of low temperature radiant systems.
The generation system consists of two twin air source heat pumps/chillers that provide the
thermal power required to keep thermal comfort (heating set-point 20 °C; cooling set-point
26 °C; relative humidity 50%). The two heat pumps/chillers are sequentially activated to
maximise operational performance under nominal conditions. They are managed by a
thermoregulation system that monitors the room temperature and relative humidity within
the thermal zones.

The two heat pumps have a heating capacity of 157.8 kW (outdoor air condition 2 °C—
water 45-40 °C; COP = 2.82) and a cooling capacity of 147.2 kW (outdoor air conditions
35 °C—water 7-12 °C; EER = 2.33). The maximum COP is recorded for a partial load ratio
(PLR) of 25% which is equal to 4.60 at nominal conditions [48].

The zone equipment consists of radiant floors within the main zone (terminal one).
On the other hand, the bathrooms of the perimetral area of the building are equipped with
radiators. The hot water is sent to the radiators at 50 °C and to the radiant floor loop at
35 °C (according to the Italian standard UNI 1264 in order to limit the surface temperature
of the floor to 29 °C). During the summer season, the radiant floor receives water at 19 °C
to avoid surface condensation.

The two AHUSs process only outdoor air and provide both the air needed for venti-
lation, as required by the UNI 10339 and EN 13779. The air circuit has a maximum flow
rate of 14,000 m®/h and is equipped with an air heat exchanger to recover part of the
exhaust air thermal energy. The air system treats the air by means of cooling coils, heating
coils, re-heat coils, and humidifiers in order to supply the fresh air to the zones at 21.5 °C
(relative humidity 45%) and 20.5 °C (relative humidity 55%) in heating and cooling mode
respectively. It also allows free cooling when the outdoor air conditions are favourable.

The domestic hot water system consists of a air-water heat pump with a heating
capacity of 18 kW that produces water at 60 °C and a 1500 L storage tank equipped with
internal electrical resistance to ensure supply to all spaces of the building, such as toilets,
shop, infirmary, and bar.

The waiting area of the terminal is open to the public from 7:00 a.m. to 9:00 p.m.
Therefore, HVAC systems are operated when the terminal station is occupied. The occu-
pancy schedule is supposed as maximum during the middle hours of the day, while the
decrease in the number of passengers in the hours of the late afternoon is considered as
few departures and arrivals are planned in the evening.
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Table 2. Space characteristics summary.
2 3 Number of
Zone Name Type of Space  Area (m®) Volume (m?°) People HVAC Type
T.33 W.C. Toilets 23 90.75 2
North T.34 W.C. Toilets 23 96.12 2 Heating and cooling;
bathroom T.34_1 W.C. service Toilets 3 12.42 1 AHU; radiant systems
T.35 W.C. Toilets 4 16.17 1
T.24 W.C. Toilets 8 31.42 1
T.25 W.C. Toilets 8 30.36 1 . .
. ‘ﬁeSt T.26 W.C. Toilets 3 1321 1 AHgffrr‘ag d?g:tiozltffl’s
athroom T.27 W.C. Toilets 4 14.76 1 ’ Y
T.27_1 Storage Storage area 4 11.29 1
T2+ T5W.C. Toilets 56 185.79 6
South T3 W.C. Toilets 3 11.19 1 Heating and cooling;
bathroom T.4 W.C. service Toilets 4 14.19 1 AHU; radiant systems
T.7W.C. Dressing room 7 25.33 1
. Heating and cooling;
Rad. west 1 T.9 WC Toilets 4 17.23 1 AHU; radiant systems
Rad ” T.12 WC Toilets 4 16.86 1 Heating and cooling;
ad. west T.14 WC Toilets 4 16.91 1 AHU; radiant systems
T.0 Terminal Tickets 1612 6252.23 322
T.6 Bar Commercial 22 78.25 4
T.8 Storage Commercial 18 75.32 3
T.10 Storage Storage area 3 10.86 1
T.11 Store Commercial 22 93.5 3
T.13 Storage Storage area 2 10.61 1
T.15 Storage Storage area 2 10.64 1 Heating and cooling:
T.16 Store Commercial 21 89.97 3 gAHU' &
Terminal T.17 Office Office 10 36.08 1 Low tem e/rature
T.18 Office Office 9 31.38 1 e f o
T.19 Office Office 9 31.78 1 y
T.20 Office Office 9 32.36 1
T.21 Office Office 9 33.45 1
T.22 Office Office 9 334 1
T.23 Meeting Meeting room 16 60.53 8
T.28 Office Office 18 68.26 1
T.30 Infirmary Infirmary 9 32.3 1
- T.0_1 Terminal Entrance 178 476.8 36 AHU
- T.1.B Technical room 7 15.62 0 Unconditioned
- T.1.C Technical room 16 34.79 0 Unconditioned
- T.29 Rack Technical room 4 12.26 0 Unconditioned
- T.31 Technical room 106 341.93 3 Unconditioned
- T.36 Technical room 1 1.84 0 Unconditioned
- T.37 Technical room 12 27.82 0 Unconditioned
- T.38 Technical room 2 7.58 0 Unconditioned
- T.39 Technical room 52 171.97 2 Unconditioned

2.3. BIM Model Development

obtain a reliable yet accurate energy model.

As the building geometry is very complex, the building shell has been simplified to

The level of detail, or level of development (LOD), is a parameter that indicates the

level of detail and information of the graphical representation of the model. According to
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the American Institute of Architects (AIA) [50], the LOD is divided into 5 classes ranging
from LOD 100, generic model poor of details, to LOD 500, a real model of the building [51].

The implementation of the BIM model was carried out with a LOD between the
LOD 200 and the LOD 300 in order to ensure a faithful representation of each element
of the building ensuring effective energy simulations. Particular attention was paid to
glass elements, which contribute in large part to the final thermal demand. Parameters
representing thermal properties are set according to the information collected for the
case study. The same was done for space information, such as occupancy, lighting and
equipment schedules, ventilation, infiltration, thermostat and humidistat set-points, etc., by
creating custom libraries in the BIM software. Afterward, spaces were grouped into thermal
zones (see Table 2) according to characteristics of HVAC systems and space boundary
conditions. Figure 5 provides the prospective representation of the building as modelled
in Autodesk Revit environment. The entire modelling process was facilitated by the user-
friendly tools integrated into the BIM environment which allow the users to develop their
own object families integrating the default libraries. Specifically, surface and space types
are the main objects involved in the energy model. Each one needs to be characterised by
means of all the above-mentioned information to represent the corresponding components
in the actual building. However, complex projects such as the one analysed in this paper
require significant commitment. Such input data have to be manually inserted, which
involves a fair amount of time, especially when the number of spaces is high. Therefore,
the need for time increases with the building complexity.

Figure 5. BIM model of the building.

2.4. BEM Model Development

The energy model was created by means of the suitable features of Autodesk Revit that
allow the automatic generation of analytical spaces and surfaces. Such objects contain the
information embedded in the BIM database, inputted during modelling, and then collected
in the gbXML. The energy model was then reviewed to ensure the proper boundary condi-
tions to spaces and surfaces. Whenever required, the BIM model was simplified, keeping
the lower LOD boundary of 200, in order to generate a more trustable energy model.

In Figure 6, both analytical spaces and surfaces are highlighted to show how the final
building envelope model appears.

HVAC systems were schematically defined as energy objects included in the gb XML
by means of the plant templates of the new Revit Systems Analysis tools. Specifically, air
loop, and hot and cold water loops, were linked to radiant panel zone equipment. Those
plant components do not reflect the actual complexity of the HVAC systems of the case
study, however, they serve as the basis for more accurate modelling. By performing a
systems analysis simulation, a detailed OpenStudio model is generated from gbXML by
means of a suitable script (OpenStudio workflow) including commands to automatically
manipulate the model. The latter was purposely modified to include custom simulation
settings and collect specific outputs. Furthermore, some default OpenStudio measures
were modified to reflect the modelling purposes of the authors. A list of the subroutines
(OpenStudio measures) used to translate the gbXML information in a readable format for
the BEM tool is provided in the previously shown Figure 2.
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Analitycal Spaces

Analitycal Surfaces

Figure 6. BEM model of the building, analytical spaces, and surfaces.

2.5. Model Manipulation and Review

The energy model was further elaborated in order to simulate the real system con-
figuration designed for the terminal of Molo Beverello. Thus, after gbXML exporting,
the HVAC system was rearranged to account for its higher complexity. Baseboard zone
equipment were added to bathrooms and, two mixing valves were included in the piping
system to mix supply and return water of radiant floor (Figure 7). Furthermore, an air-to-air
heat exchanger was added to the air loop and, both air loop and water loop controllers
were adapted to the operation strategies of the systems. Operation temperatures and the
size of plant equipment were then adjusted to fully characterise them. All changes in the
HVAC configuration were made with the help of OpenStudio Application, a user-friendly
GUI to perform whole-building energy simulations by OpenStudio/EnergyPlus.

Heating mode Cooling mode
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Figure 7. Schematic diagram of heating, cooling, and air treatment systems as modelled in OpenStudio.

The energy model described so far is the one adopted as a reference for comparison
with other energy-saving measures. Specifically, the following were considered as candi-
date strategies to enhance energy efficiency or reduce annual primary energy consumption:

- Proposed System 1 (PS1), water-source heat pump;

- Proposed System 2 (PS2), heat recovery from chiller condensers;

- Proposed System 3 (PS3), replacement of window facade with photovoltaic glass;

- Proposed System 4 (PS4), replacement of shading systems with photovoltaic canopies.
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2.5.1. Proposed System 1: Water-Source Heat Pump

Water-source heat pumps (WSHP) are generally more efficient compared with equiva-
lent air source ones (ASHP). As the analysed building is close to the sea, such a solution
can reduce the electricity consumption of heating and cooling generation systems. The
water-source heat pump exploiting the free thermal energy of seawater was modelled
accounting for the seawater temperature variation. The water-source heat pump was se-
lected among the products available on the market, chosen according to the system’s needs.
The characteristics of the machines at nominal conditions were provided by manufacturer:
cooling capacity, 140.5 kW (use side 12-7 °C—source side 30-35 °C, EER: 5.147); heating
capacity, 160.4 kW (use side 40—45 °C—source side 10-6.7 °C, COP: 4.493). The extra cost
of the implementation of WSHPs compared to the ASHPs is EUR 40000.

Historical data of the average temperature of the seawater of the port of Naples (shown
in Figure 8) were used to evaluate the improved performance of the HVAC system [52].

50 _
------- Min. seawater temperature
Mean seawater temperature
4 ¢+ | =r=-= Max. seawater temperature
~30
&
=20 }
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0 1 1 1 1 1 1 1 1 1 1 1
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W@ W @Y 0 R P
Figure 8. Minimum, maximum and average sea water temperature profile of the Gulf of Naples.

2.5.2. Proposed System 2: Heat Recovery from Chiller Condenser

As during summer operation both cooling and reheat coils work at fixed temperatures,
chillers work to simultaneously provide hot and cold water. The recovery of the chiller
condensing heat can be used to fully or partially heat the water that feeds the reheat coils
of the AHU. However, chiller heat recovery can involve a performance drop depending
on condensing temperature. Thus, a parametric analysis of system operation was carried
out accordingly, to identify the optimal recovery temperature providing the least final
electricity consumption. Specifically, recovery temperatures ranging from 25 °C to 50 °C
were simulated and three characteristic parameters were used for evaluation:

1. Electricity for heating is expected to decrease, as the higher the recovery temperature,
the lower the thermal power required for reheat coil;

2. Electricity for cooling is expected to increase, as the higher the recovery temperature,
thus condensing temperature, the lower is the efficiency of the machines;

3.  Total electricity for heating and cooling is the total electricity required by chillers and
is the parameter to optimise.

The modifications to the system to allow the condensation heat recovery have an
estimated cost of around EUR 2000.

2.5.3. Proposed System 3: Replacement of Window Facade

The terminal presents a large window facade on the south-east side that can be used
to produce electricity through photovoltaic technologies.

The choice of replacing the glass facades with photovoltaic glass is due to the fact that
installation of a large number of photovoltaic panels on the building roof is not possible
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since the roof is also used for pedestrian transit. In order to not compromise the lighting
conditions inside the building, the selected photovoltaic panels are made of amorphous
transparent or semi-transparent silicon, in order to allow enough daylighting. However,
these types of photovoltaic panels have relatively low efficiency (3-4%) and therefore in
order to make the investment affordable from both an economic and an energy point of
view, a multiobjective optimisation was carried out in order to evaluate the most viable
solution. Several types of photovoltaic panels with different efficiencies, SHGCs, U-values,
and transparency conditions were considered. The analysed glass is an amorphous silicon
photovoltaic glass with two 6 mm low-emission glass and a 12 mm Argon chamber, its
characteristics for three different types are shown in Table 3.

Table 3. Summary of PV window characteristics.

SHGC U-Value Efficiency = Transparency  Cost
(%) (W/m2K) (%) (%) (EUR/m?)
Low transparency 9% 1.2 4% 10% 107
Medium transparency 12% 1.2 3.4% 20% 110
High transparency 17% 1.2 2.8% 30% 115

In addition, to maximise the produced electricity, the shading surfaces outside the
building have been removed. The window facade was divided into 3 zones in order to
select the most effective amount of photovoltaic glass. The sectors of the facade that would
be replaced are shown in Figure 9. For each type of glass, the replacement of Zone C (area
of 109.4 m?), Zone B+C (area of 278 m?), and Zone A + B + C (area of 414.27 m?) were
respectively investigated.

T B

B Zone A M Zone B @ Zone C

Figure 9. Facade sections for implementation of PV glass.

The first combination involves only zone C as it is the area that receives the most
incident solar radiation. Thus, the optimisation involved a total of 9 combinations. The
study carried out was a multiobjective optimisation with the aim of identifying the most
advantageous solution both from the energy and economic point of view. The objective
functions considered for optimisation were the net present value (NPV), calculated by
Equation (6), and the primary energy saving (PES), calculated by Equation (3) (see next
section). These parameters also assessed the difference in heating and cooling loads due to
the installation of new photovoltaic glass. Although there are interesting contributions due
to electricity generation, installation of such systems may lead to an increase in thermal
needs due to their different solar heat gain coefficients (SHGC) and U-values compared
to the reference system. Specifically, the increase of heating loads may occur since new
glasses allow lower free solar gains. Vice versa, this can lead to a decrease in cooling loads.

To assess the productivity of photovoltaic glass, the incident and diffuse solar radiation
on each panel have been evaluated, accounting for any possible shadings. The consid-
ered amorphous photovoltaic glasses have capital costs in the range of 104-109 EUR/m?
depending on transparency degree, applied to conduct the economic analysis.
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2.5.4. Proposed System 4: Photovoltaic Canopies

At the end of the study of energy efficiency solutions, the hypothesis of the installation
of photovoltaic canopies was evaluated. These structures have been inserted in place of the
tarpaulins outside the building so as not to vary much the structure and ensure the same
solar shading, the coloured surfaces in Figure 10.

Figure 10. Site view of building station showing photovoltaic canopies.

Monocrystalline silicon panels with nominal efficiency of 18.4% and a rated power of
300 W were selected. The overall extension of the canopies is 366 m?, so 230 photovoltaic
modules were installed for a total rated power of 69 kW. A capital cost of ~250 EUR/m?
was considered, accounting for all the necessary technologies that comprises the plant.

2.6. Simulation and Post Processing

The simulations were carried out by means of the EnergyPlus built-in features with a
timestep of 15 min, providing detailed outputs to analyse the building behaviour, as well
as the performances of the systems. Variables and Meters referring to zone air conditions,
thermal gains, heating and cooling systems’ capacity rates, and electricity consumptions
were processed to evaluate the project from an energy and economic point of view. Each
proposed strategy (prop) was compared to the baseline, also called Reference building (ref),
in order to calculate the indices for decision-making that are described below.

The conversion of calculated electricity into primary energy was carried out by means
of the factor 7, representing the average efficiency of the entire Italian generation system

(e = 0.46) c
E,=-4 1
: el @
The primary energy saved (AE,) and the primary energy saving (PES) related to the

proposed scenarios with respect to the reference case, are calculated as:

AEp = Eprer — Ep,prop )
E
PES=1— % ©)
pref

Similarly, the avoided carbon dioxide emissions are evaluated by Equation (4) consid-
ering the emission factor fcp, equal to 0.2.

AEco, = AEy-fco, 4)
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Finally, to assess the economic profitability, the simple payback period (SPB) is calcu-
lated as:

_ D
SPB = AC ®)

where I is the investment cost and AC are the cost differences between reference and pro-
posed scenarios. At last, net present value (NPV) and profit index (PI) are also evaluated as:

} —1Io (6)

where p is the interest rate and N is the life time span. In this study, NPV was calculated
taking into account an interest rate and a useful life of 5% and 20 years, respectively.

NPV = AC-d L. 1—%
p (1+p)

_ NPV

PI
Io

@)

The procedure adopted to account for the variability of EER in different working
conditions follows the procedure suggested by the Italian standard UNI TS 11300 [53],
indicated hereinafter. It is important to note that EER is calculated at each simulation
timestep, indicated in the following equations by the index i. The same procedure was
carried out for the COP in heating mode.

The calculation involves the normalized efficiency curves of the considered generators
EER, pir depending on heat pump/chiller PLR and that was obtained from the real
operating curve provided by manufacturers, the maximum EERyax calculated by Equation
(8), and the exergetic efficiency 7., calculated by Equation (9).

Tev,nom - A TEU

EERpax = 8
P (Teomom + BTeo) — (Teoom + ATer) ®)

_ EER100%
Hex = EERpmmy (9)

Here, Tevnom, and Teo nom are the evaporator and condenser temperatures respectively,
while AT,, and AT, are the average heat exchanger temperature differences at the evap-
orator and condenser. The latter are equal to 5 or 10 °C, depending on whether the heat
exchange occurs with water or air.

Therefore, the actual EER at specific outdoor conditions is defined by Equation (10).

Tev,i —A Tev,i

EER; =
l (Tco,i + ATco,i) - (Tev,i + ATev,i

] “EER;; pLR Mex (10)

The price of electricity used to evaluate economic savings was 0.20 EUR/kWh.

3. Results and Discussion

This section provides the simulation results of the energy-saving measures investi-
gated to improve the efficiency of the selected building and to analyse the suitability of the
BIM to BEM methodology in the maritime sector.

3.1. Reference Building

The building-plant system, as described in Sections 2.1 and 2.2, has been taken as
a baseline for comparison purposes. At the same time, the BEM model of the Reference
Building (REF) was thoroughly revised to test the accuracy of the simulation results.

It is worth noting that an optimization of the model LOD was made during the
modelling process in order to achieve a trade-off between accuracy and time for the entire
simulation procedure. Although more detailed models (LOD > 300) achieve more accurate
calculations, longer process times are obtained due to complex modelling problems and
higher computational load (greater number of building envelope surfaces or thermal
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zones). Conversely, LODs that are too low (< 200) would speed up the process and lose the
reliability of the simulation results. Therefore, an intermediate LOD between 200 and 300
was selected to obtain an optimal compromise to apply to the considered design procedure.

Indoor air conditions compared to outdoor temperature are depicted in Figure 11,
showing the model capability to reflect the actual system operating strategies. The chart
also highlights the correct operation of the system that keeps temperature and humidity
within the acceptability ranges, i.e., 2026 °C and 40-60% for indoor temperature and
relative humidity respectively.

30 100
25 %
20
o 0 g
~ 15 | s
40
10
5 {20
0 : : : : - : : - : : : 0
0 730 1460 2190 2920 3650 4380 5110 5840 6570 7300 8030 8760

time (h)

Figure 11. Average indoor air conditions.

The overall energy consumption shares of the reference building were calculated and
are reported in Figure 12, while baseline values such as thermal energy, electricity, and
primary energy usage are summarized in Table 4. Space heating and cooling were the main
facility energy needs, followed by lighting, and air conditioning auxiliary equipment. The
proposed solutions, described in the next paragraphs were chosen to significantly reduce
both energy demand and primary energy consumption.

Auxiliaries
Interior 17% :
Equipment Cooling
3% 36%

Lights
14%

Domestic Hot Heating
Water 29%
1%

Figure 12. Energy consumption shares of reference building.
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Table 4. Summary of energy consumption of reference building.
Thermal Energy Electricity Primary Energy
(MWh/Year) (MWh/Year) (MWh/Year)

Heating 108.7 26.9 27.6
Cooling 127.1 34.9 35.8
Domestic hot water 4.1 0.9 0.9
Himidifier - 34 3.5

Lights - 134 13.7
Interior equipment - 29 29
Fans - 14.3 14.7
Pumps - 2.4 2.5

Total 239.9 99.1 101.6

3.2. Water Source Heat Pump

A WSHP requires lower energy intensity than an ASHP to meet the thermal loads
for space heating and cooling in Naples. Indeed, the seawater temperature is particularly
favourable, being less variable and, on average, lower during summer and higher during
winter than the ambient temperature (see Figure 8).

The highest performance is observed during the summer season, when the Coeffi-
cient of Performance (COP) is higher, and both cooling and heating services are required.
The convenience of adopting WSHP instead of ASHP for the project is demonstrated in
Figure 13, where the electricity demand for the reference and proposed cases are compared.

20
18

@BASHP
aWSHP

16 |

W @ Y
Figure 13. Comparison of monthly electricity usage between ASHP and WSHP.

The proposal allows a saving of 42% of the total primary energy consumed by the
building in one year. Further metrics related to the measure of WSHP, such as actual CO,
emissions and total primary energy consumption are summarised in Table 5.

Table 5. Metrics related to the implementation of water-source heat pumps.

Electricity Primary Energy CO; Emission PES
(MWh/Year) (MWh/Year) (t/Year) (%)

REF 62.7 136.3 27.2 -
PS1 36.6 79.6 15.9 41.6

3.3. Heat Recovery from Chiller Condenser

As expected, while heat recovery involves a lower electricity consumption for heating,
cooling results in a lower performance at the higher heat recovery temperature. The
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increase in electricity demands for cooling prevails over the decrease in electricity demands
for heating, which leads to a slight rise in the total electricity curve. The behaviour of the
new plant configuration, in terms of electricity consumed to produce the required thermal
energy, is shown in Figure 14.
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Figure 14. Electricity consumption against HR temperature and comparison between reference and chosen systems.

Therefore, the result of the optimisation indicates overall energy savings at low heat
recovery temperatures, the highest performance is obtained by preheating the reheat
coil water at 25 °C. Furthermore, while a deterioration in the performance of chillers is
registered, the performance of the second heat pump in the heating operation improved as
it works at lower part-load factors with higher efficiency. The effects discussed so far make
optimisation necessary as they are in contrast to each other.

Figure 14 also shows the monthly electricity consumption of the system equipped with
the heat recovery (HR) at 25 °C compared to the reference one. This measure is interesting
as it provides significant savings (up to 10.2%) in terms of primary energy against very low
investment costs for piping works and additional heat exchangers. The annual electricity
and primary energy consumption, as well as carbon dioxide emissions, are reported in
Table 6.

Table 6. Metrics related to the implementation of heat recovery.

Electricity Primary Energy CO; Emission PES
(MWh/Year) (MWh/Year) (tons/Year) (%)

REF 62.7 136.3 27.2 -
PS2 56.3 122.4 22.5 10.2

3.4. Replacement of Window Fagade

Among the configurations described in the methodology section, the implementation
of the low transparency glazing over the entire available surface (A + B + C) is the most
profitable solution, both from an economic and energy point of view. The results of the
multiobjective optimisation conducted are summarised in Figure 15. Here, it is also possible
to note that the low transparency technology always provides better performance compared
to medium or high transparency ones. However, low transparency glass can significantly
affect daylighting and the visual comfort of occupants. Therefore, the medium transparent
configuration (20% of visual transparency) on the whole facade (A + B + C) has been also
considered as a valuable solution in terms of NPV and PES.

Figure 15 also shows the effects that the adoption of the two selected configurations
have on the heating and cooling needs, as well as the electricity demands of the building.
As the photovoltaic glass has a very low SHGC, the winter solar gains result is lower
than traditional glazing systems which causes the increase of heating loads. However,
summertime solar gains are lower with the consequent decrease of cooling loads. The sum
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of these two effects leads to a slight increase in electricity demand with low-transparent
glasses (99.2 v.s. 99.1 MWh/year), in contrast, medium-transparent glass entails a slight
reduction in electricity demand (99.0 v.s. 99.1 MWh/year).

Energy Demand (MWh)
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Figure 15. Optimal configuration selections and effect on thermal demand of PV glass.

Obviously, the main advantage is due to the remarkable reduction in electricity pur-
chased from the grid which leads to ~25% of PES values. The savings of electricity, primary
energy, and CO; are presented in Table 7.

Table 7. Metrics related to the implementation of PV glazing.

Electricity Purchased Primary CO,
.. . PES
Demand Electricity Energy Emission (%)
(MWh/Year) (MWh/Year) = (MWh/Year) (tons/Year) ?
REF 9.1 99.1 2154 43.1 -
PS3 Low-T 99.2 74.6 162.2 324 24.7
PS3 Medium-T 99.0 77.3 168.1 33.6 243

3.5. Photovoltaic Canopies

The proposal to install a photovoltaic system, such as the one described, allows a
PES value of about 40%. The dynamic analysis conducted on the incoming and outgoing
energy fluxes shows a substantial saving of the energy required from the grid. The monthly
electricity that is effectively purchased from the power operator is reported in Figure 16.
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Figure 16. Comparison of electricity consumption between reference and proposed systems.

As for previous analyses, further metrics, useful for decision-making, are provided in
Table 8.
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Table 8. Metrics related to the implementation of PV canopies.

Electricity Purchased Primary CO;
. . . PES
Demand Electricity Energy Emission (%)
(MWh/Year) (MWh/Year) (MWh/Year) (tons/Year) °
REF 99.1 99.1 2154 43.1 -
PS4 99.1 58.7 127.6 25.5 40.7

3.6. Economic Assessment of Proposed Systems

The analysed energy-saving solutions, shown in Table 9, were also assessed from the
economic point of view, taking into account both the energy market prize and capital costs
of the considered systems that are provided in the previous sections. All measures lead to
significant savings and attractive returns on investments, among which, the HR provides
the highest PI, equal to 7. Although it has the lowest NPV after 20 years, the very low
capital costs and the simplicity of the technology make the HR the most profitable solution.
More in detail, concerning the thermal power plant, the PS1 provides the highest rate of
primary energy saving, nevertheless, such a solution requires substantial investment costs
that lead to a SPB value of circa 8 years. Given the possibility of exploiting sea water, a
system based on the WSHP is certainly a very efficient solution to take into consideration,
despite the higher costs. Indeed, all the alternatives investigated to reduce electricity
demand from the power grid are viable from the economic point of view. While both low-
and medium-transparency photovoltaic glass (PS3) are less impacting and do not require
dedicated supporting structures, traditional PVs (P5S4) are more efficient and return major
savings (8.1 k EUR/year). However, traditional PVs are more expensive returning higher
SPB (~10 years) with PI equal to 0.3.

Table 9. Summary of the economic value of considered energy-saving measures.

Savings E,; Sold SPB NPV PI

(k EUR/Year)  (k EUR/Year) (Year) (k EUR) -)

PS1: WSHP 52 - 7.6 25.1 0.6
PS2: Heat recovery 1.3 - 1.6 13.9 7.0
PS3: Low-T PVs 49 0.8 7.6 27.9 0.6
PS3: Medium-T PVs 43 0.7 9 17.5 0.4
PS4: PV canopies 8.1 1.3 9.8 25.0 0.3

3.7. About BIM to BEM Methodology

Simulations provide useful insights and proofs for informed decisions. By means of
energy consumption calculations, designers and facility managers have very useful data
for value engineering and sustainable management. The adopted approach has been found
to be very convenient at an early stage of the project when energy analyses can guide
concept design. BIM to BEM can also be successfully implemented in renovation projects,
as demonstrated in this paper by means of a comparison of different efficiency measures.
Furthermore, the proposed method helps in the enhancement of the integrative design and
to reduce project timing by avoiding the creation of redundant and time-consuming models,
and by improving data management. However, some difficulties have been encountered
during the process that are worth pointing out.

Although the effort of simplifying the BIM model, the automatic generation of BEM
model geometry can often present inaccuracies such as missing surfaces or their fragmenta-
tion. Such issues can occur at the gbXML definition within the BIM environment or during
information transfer. Therefore, troubleshooting requires iterative geometry generation
that can be very demanding and tedious.

While geometry export by gbXML is generally complete, HVAC systems still present
many limitations regarding either plant configurations or working and control parameters.
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Customisation of HVAC components should be carried out afterwards by means of the BEM
modelling tools or by creating custom BIM parameters and suitable measures parsing the
gbXML and manipulating the existing plant templates. Although the latter is a consistent,
sharable, and scalable solution, it requires specific modelling and programming skills
which could discourage the adoption of advanced energy modelling.

3.8. Continous Improvement in Port Building Management

The analysis carried out proves the validity of the BIM to BEM methodologies for
the design of port buildings and other buildings in general. In addition, this study also
shows that the methodology is suitable as a tool in facility management and continuous
improvement processes.

The major quality and energy management standards such as ISO 9001 and ISO 50001
suggest and encourage the adoption of the plan-do-check-act (PDCA) cycle which is the
operating principle to guarantee effective improvement. The ISO scheme is depicted in
Figure 17; here, the BIM to BEM approach fits within the PDCA cycle to support decision-
makers with data retrieved by the whole-building dynamic energy simulations. After the
actions to reach goals of energy reduction are defined, both the BIM and BEM models
should be continuously updated all over the cycle with newly added information to test
the proposed energy-saving strategies and be aware of any unpredicted problems. Finally,
when the cycle is abandoned because it has been successful, the new baseline is defined
for future strategy planning considering the data and measurements collected during
operation. In this way, the digital model accompanies the improvement process, facilitating
the facility management and making the transition of the port areas toward reduction of
air pollution and energy efficiency improvement easier and more effective.
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Figure 17. BIM to BEM within the continuous improvement (PDCA) cycle of ISO standards.

4. Conclusions

This paper aims to critically analyse how BIM methodology coupled with whole-
building energy modelling (BEM) and simulation can increase the effectiveness of sus-
tainable design and management of buildings. In this framework, a novel workflow to
extrapolate and convert BIM data into readable inputs for BEM has been developed and
then tested via a suitable case study. The latter consists in the passenger terminal building
of the maritime station of “Molo Beverello” in Naples, analysed by means of the developed
methodology to identify energy efficiency strategies and reduce the overall primary energy
consumption of the facility. Specifically, a detailed BIM model of the building was devel-
oped in order to automatically generate a reliable energy model exploiting the information
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included in the BIM database. The optimal modelling level of development (LOD) was
chosen after an optimization procedure aimed at identifying the optimal trade-off between
model accuracy and time costs of the whole simulation process.

Taking the current status of the project as a baseline, several energy-saving strategies
were simulated by the developed workflow to evaluate their conveniences, such as: water-
source heat pump, heat recovery from chiller condensers, replacement of window facade
with special photovoltaic glass, and replacement of shading systems with photovoltaic
canopies. The adoption of the selected measures always showed interesting outcomes from
an energy, economic, and environmental points of view. Moreover, it is also interesting to
notice how the approach used fits with the needs of the sustainability of buildings, both in
the planning and management phases. The authors encourage other researchers to further
develop this research topic with the aim of increasing interoperability between BIM and
BEM software and underline the importance of energy analyses within the continuous
improvement cycle that all major facilities, particularly in harbour areas, should take
into consideration.
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Nomenclature

AEC Architecture, Engineering and Construction
AHU Air Handling Units

ASHP  Air Source Heat Pump

BEM Building Energy Modeling

BEST  Building Energy Software Tools

BIM Building Information Modeling

BPS whole-Building Performance Simulations
CFD Computational Fluid Dynamics

DOE Departement of Energy

ESPO  European Sea Ports Organisation

HVAC Heating, Ventilation, and Air Conditioning
IDP Integrated Design Process

IFC Industry Foundation Classes

LCA Life Cycle Assessment

MEP Mechanical, Electrical, and Plumbing
nZEB  nearly Zero Energy Building

PDCA Plan, Do, Check, Act

PERS  Port Environmental Review System

PLR Part Load Ratio

PROP  Proposed Building

PS Proposed System

REF Reference Building

WSHP  Water Source Heat Pump
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