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ABSTRACT

Buildings have a central role to play in the energy transition driven by the European Commission with
the introduction of the nearly zero-energy buildings notion for both new constructions and existing
building stocks. Despite the growing interest in improving the energy performance of residential as well
as office buildings, a research gap is identified in the field of the renovation of industrial buildings and
facilities in terms of energy efficiency. A lack is recognized in terms of analysing the improvement of
the work environment in all the areas that are not used as offices. Common decarbonisation strategies
are usually adopted, as the electrification of some processes, the replacement of obsolete machinery or
the implementation of renewable energy sources. However, reaching the ambitious levels set by the
Energy Performance of Buildings Directive which aims at nearly zero-energy buildings, remains a
challenge. The present paper aims to analyse the main barriers that hamper the development of highly
energy efficient and decarbonised buildings in the productive sector and the effective deep energy
renovations of industrial facilities. Moreover, it intends to highlight alternative strategies and
opportunities and to underline potential benefits.

Keywords: sustainable buildings, nearly zero-energy, industrial buildings, precast constructions,
indoor environmental quality.

1 INTRODUCTION
One of the European’s key strategies towards the transition to low-carbon energy systems to
meeting global commitments to climate change mitigation, is the decarbonization of the
building sector [1].

It is demonstrated that, with appropriate building design strategies focused on reliably
achieving very low energy, the building sector can contribute its share to the 1.5°C goal, both
for new-built and refurbishment of the existing building stock [2], [3].

In this context, the Energy Performance of Buildings Directive (EPBD) introduced the
definition of nearly zero-energy building (nZEB) as a building with very high energy
performance, where the nearly zero or very low amount of energy required should be
extensively covered by renewable sources produced on-site or nearby [4].

According to the EPBD, it is required that all new buildings will be nZEB by the end of
2020. However, the main goal of the directive is to increase the renovation rate and move
inefficient buildings onto a more sustainable path [5].

Despite being a challenging ambition influenced by many factors [6], in recent years a
growing attention has been given to improving the energy performance of buildings, mainly
focusing on the residential sector [7].

With regards to the non-residential sector, accounting for 25% of the total stock in Europe,
the consideration has tended to focus on the most energy intensive building typologies [8],
such as hospitals, hotels and restaurants [9], [10] and educational buildings [11], [12].

Industrial facilities, on the other hand, are seldom studied under an energy retrofit
perspective [13], with surprising efforts focusing on indoor office environments [14], while
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a lack is recognized in terms of analysing the improvement of the work environment in all
the areas that are not used as offices.

Industrial buildings are deeply investigated when used for other purposes, e.g., as housing
[15] or mixed-uses [16], [17] or in case of seismic performance improvement [18].

Many attempts have been made in order to decarbonise the production processes and the
manufacturing operations [19], [20], largely responsible for the environmental impacts of
firms [21].

This trend has been largely promoted by the diffusion of Energy Management Systems
(EnMSs) and the adoption of regulation and codes as the ISO 50001, aimed at making the
productive activities of the industrial sector more efficient in the use of energy leading to the
reduction of greenhouse gases emissions [22].

Small and medium-sized enterprises (SMEs) are normally excluded by EnMSs, although
in the EU there are 22 million SMEs which represent 99% of all companies [23].

Even if absolute energy use per firm in SMEs (industrial and non-industrial), and non-
energy intense companies, is lower than in large, energy-intensive industrial companies,
those of SME:s is a crucial sector for sustainable development. Crafts and small enterprises
typically rely on their local roots and make an essential contribution to local development
and social integration, by creating jobs and ensuring the transfer and continuous improvement
of specific knowhow, unique traditions and historic and cultural heritage [24].

In this context, promoting the workers well-being and moving towards a human-centered
organization model is a key factor for sustainable development [25]. It is largely
demonstrated that workers who are directly exposed to an unacceptable working environment
may have increased health symptoms and decreased productivity [26]-[30].

Based on this background and starting from the available literature, an overview on the
main critical aspects related to the energy performance of industrial facility buildings are
presented (Section 2), the main barriers and drivers related to the development of
decarbonised buildings in the productive sector are investigated (Section 3) and feasible
energy efficiency renovations measures are discussed (Section 4).

The overall aim is to underline potential benefits in improving the nZEB design strategies
for existing industrial buildings both at the single and collective level.

2 INDUSTRIAL FACILITIES: AN OVERVIEW
The buildings of the tertiary sector are usually precast structures, typically built as an
assembly of monolithic elements: main and secondary beams, square-cross section columns,
concrete or sandwich panels as roof and wall elements, ribbon windows and modular
windows skylights [31], [32].

From the energy performance and the workplaces comfort point of view, the critical issues
affecting those kinds of structures are various. They usually need not only winter but also
summer air conditioning in addition to artificial lighting. It is demonstrated that the carbon
and energy footprint of typical prefabricated industrial buildings are mainly affected by the
energy need for heating and cooling and for lighting [33].

The problem of air high temperatures inside industrial workplaces occurs particularly
during hot sunny days, leading to a proved exposition of workers to thermal stress [34].

Among the different sources of solar heat gain, the heat gain through the roof is one of the
predominant, especially for the single-storey industrial type buildings with metal roof,
affected by the penetration of direct solar heat into the working indoor space, which needs to
be cooled for improving working efficiency as well as thermal comfort of the workers [35],
despite a significant increase in the cooling load.
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Therefore, the building envelope could deeply influence the working environment
conditions as much as workstations, like manual and automatic welding stations, oven
entrances, assembly stations near hot bath stations, identified as critical because source of
high indoor temperature [36].

3 ENERGY EFFICIENCY IN RENOVATION OF INDUSTRIAL BUILDINGS
Industrial enterprises tend to focus their efforts on energy intensive processes, therefore the
energy retrofitting of the productive buildings they occupy is a scarcely implemented
strategy, hindered by several critical issues, despite there may be positive effects that could
result from it.

3.1 Barriers

The critical issues could be organizational, technical, economic or regulatory (Table 1).

The main difficulties are the technical ones, mainly related to the thermal bridges across
the layer of insulation resulting in paths of greater heat loss [37], caused by the junctions
between precast panels and structure elements and the connectors that penetrate the insulation
layer [38], [39].

Economic barriers have been recognized in relation to the cost of collecting the energy
data or installing new energy-efficient equipment [23], [40].

When compared with the simple purchase of energy, those initial costs could not be
recognized as a cost savings investment, resulting in a greater obstacle to small and medium-
sized enterprises [41].

Table 1: Barriers affecting the energy retrofit of industrial buildings.

Barrier Source
Technical

Lack of data and information [41]
Ventilation air change rate uncertainty  [42], [43]
Difficulty in evaluating indoor comfort  [40], [44]

Plant layout modification [40]
Thermal bridges and air leakages [371-39]
Economic
Investment uncertainty [23], [40]
Energy data requirement [41]
Regulatory
Regulatory uncertainty [45]
3.2 Drivers

The benefits deriving from industrial building renovations are various, e.g. the energy
consumption reduction leading to cost savings, indoor climate enhancement, plant layout
improvement [46].

The high energy performance allows not only to reduce management costs, but also to
ameliorate indoor environmental quality (IEQ). Besides improving the conditions of life of
workers, the implementation of the best IEQ helps in increasing the market value of the
property and, above all, it represents a strong and clear message of the policies that the
companies intend to propose on an ethical level [47].
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Table 2: Summary of common energy savings measures adopted in industrial facilities.

Energy savings measure Specific intervention Source
Lighting
Natural lighting [42], [49]
Electric power reduction [42], [46]

Intelligent optical control system;

integrated dynamic light systems [42], [49]
Energy
HVAC
systems
Natural ventilation [42]
Heat pump technology [40], [42]
Energy regulation [50]
Improving the efficiency of boiler  [40], [42], [50]
Cooling tower [42]
Mixed/hybrid displacement
ventilation system [51]
Optimization of air supply
distribution and mechanical [42], [43]
ventilation
Adjustable wind ratio [42]
Alternative
energy
Heat recovery (exhaust air heat
recovery; boiler heat recovery; [42], [50], [52]
compressor waste heat utilization)
TES [53], [42]
GSHP technology

RES energy on-site (solar and
photo-thermal technology)

RES energy off-site (connection to
off-site RES, industrial and urban [55], [56]
energy symbiosis)

[42], [53], [54]

Building envelope

Wall insulation/renovation [42], [43], [46], [50]
ot ool 12,1,
roo%, greer [50]. [54]. [57). [58]
Window renovation [13], [42], [46], [50]
Door renovation [46]

Skylight replacement [13]

Sun shading system [42]

Note: HVAC = heating ventilation and air conditioning; TES = thermal energy storage; GSHP = ground-source
heat pump; RES = renewable energy source.
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Moreover, such improvements may represent a useful means to build awareness, and
involve employees in energy savings [48].

4 ENERGY SAVINGS MEASURES IN INDUSTRIAL FACILITIES
The available literature on the topic, highlights several measures that can be implemented, in
order to reduce the energy consumption of industrial facilities.
These measures can be categorized in three common areas [48], as related to the lighting,
to the energy systems that provide heating ventilation and air conditioning (HVAC) and to
the building envelope (Table 2).

4.1 Lighting

Although representing generally a few percentage in the industrial energy consumption,
lighting contributes significantly to electrical energy consumption [59] as well as to the
increasing of internal heat gain.

So, even when lighting is a relatively small part of a plant’s energy use, it may be possible
to find considerable energy savings from improving natural lighting [49], using more
efficient lighting systems as light emitting diode (LED) technologies, reducing electric power
[46] or installing intelligent optical control system [42], considering the fact that not all areas
of a building are occupied all of the time. Automatic controls and sensors can be deployed to
match lighting provision to need.

Furthermore, the importance of industrial lighting can be appreciated both in terms of
energy consumption, but also in terms of safety, due to the need to provide adequate visibility
so that materials can be transformed into finished products without hazards for the operators
executing the tasks [60].

Reducing the lighting levels where there is over lamping and meeting the standard
recommendations for lighting levels according to purpose, helps to reduce electricity
consumption and meet visual comfort levels.

4.2 HVAC systems

HVAC systems can cover a consistent share of the industrial energy consumption due to their
primary role both being submitted to the production processes, but also in providing a
comfortable environment to the operators.

They should be used to maximize comfort and health condition by controlling humidity,
temperature and air quality, with the minimum input of energy.

There are various cost-effective opportunities for the energy saving, as heat pump
technologies installation [40], [42], or improving the energy efficiency of existing equipment
as boilers [40], [42], [50].

The mechanical ventilation also plays an important role for providing fresh air while
recovering a big fraction of the ventilation heat otherwise lost by ventilation [42], [43], [51].

4.3 Alternative energy

According to the EBPD, the nearly zero or very low amount of energy required should be
covered to a very significant extent by energy from renewable sources, produced on-site or
nearby. Various supply-side renewable energy (RE) generation technologies are available for
NZEBs, depending on the location of RE generation [61], [62]:

e demand-side, as ground-source heat pumps [42], [50], [52].
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e on-site, where all the renewable energies are available on-site and are generated within
the building footprint or within the boundary of the building site, as photovoltaic (PV)
and solar technologies located on the roof or on adjacent buildings spaces [42], [53],
[54].

e off-site, when the building uses off-site energy with the connection to grid purchasing
energy generated by RES. The renewable sources can be provided from both the urban
and the industrial context, as in the case of industrial and urban energy symbiosis [55],
[56], [63].

4.4 Building envelope

Improving the building envelope is a primary concern to reach nZEB standards and indoor
comfort [64], [65].

The most effective strategy of limiting heat loss (or gain) and reducing the energy need,
is via the application of (additional) insulation to walls and roofs or the substitution of
existing prefabricated panels with more performing components [42], [43], [46], [50].

The cooling load of the metal roof industrial buildings could be reduced with the help of
paraffin-based phase changing material (PCM), decrementing the daily average indoor
temperature by 5°C [35], or by applying innovative cool coatings (e.g., fluorocarbon,
chromotropic and photocatalytic with self-cleaning functionalities, nano-composites,
etc.) [57].

Green roofs is also a largely demonstrated technology able to reduce the thermal gain as
well as the heat island effect, and to enhance the hydrology lost habitats [54].

5 CONCLUSIONS
Implementing the nearly zero-energy notion in industrial buildings is a promising strategy to
pursue economic, environmental, and social sustainability goals. However, those buildings
are still scarcely investigated.

Starting from the scientific literature available on the topic, this study analyses the key
aspects of an effective deep energy renovation of the industrial facility buildings. It presents
a general framework that includes an overview on the main critical factors and potential
benefits deriving from the energy renovation, considering technical, economic and regulatory
issues. Lastly, viable energy savings measures are investigated.

The aim is to support decision makers to requalify the industrial building stock,
demonstrating that is a need linked not only to the energy transition, which leads both to
economic savings and environmental impacts decrease. It is also a social issue, related to the
design of comfortable and healthy industrial work environments and to the well-being of
workers, a key concern especially in a European context characterized by small and medium-
sized enterprises dealing with craft processes.
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