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Abstract

:

Recent national government policy in Ireland proposes a radical transformation of the energy sector and a large reduction in CO2 emissions by 2050. Water and energy form the water–energy nexus, with water being an essential component in energy production. However, the connection between the production of energy and water is rarely made. In particular, the end-user processes are generally excluded because they occur outside the water industry. The present study includes two simple approaches for industrial sites to calculate their carbon footprint in the water sector. The assessment of the milk powder manufacturing using both approaches indicates that the combined emission factor of the water supply and treatment is approximately 1.28 kg CO2 m−3 of water. The dairy production among steel, textile, and paper industries appears to be the most carbon-emitting industry. However, the results show that the carbon intensity of the water supply and treatment can be minimized by the integration of renewable energy sources for the onsite heat/steam and electricity generation. The uniqueness of our approaches compared to calculations illustrated by the ecoinvent and other governmental databases is its simplicity and a focus on the main energy consuming manufacturing steps in the entire industrial process. We believe that the management of water and energy resources will be more efficient when “active water citizens” raise environmental awareness through promoting measures regarding data monitoring and collection, observed leaks and damages, dissimilation and exchange of information on sustainable water stewardship to public and various industrial stakeholders.
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1. Introduction


Challenges related to global warming and climate change are very often associated with the reduction of car exhaust and power plant emissions. However, the connection between the production of energy and another important resource, water, is rarely drawn. The management of water and energy resources will profoundly affect the economic and environmental future due to the fact of climate change, sustainability, and other stressors. In recent decades, developments in industrial and domestic household water use and significant modifications to water-quality regulations and standards have greatly intensified the treatment and transport of water [1]. The relationship between water and energy, particularly the use of water for energy generation, is receiving greater attention because water-related energy use can account for nearly 5% of total greenhouse gas (GHG) emissions [2,3]. The proportion of GHGs related to water withdrawals and circulation is even higher in the UK, although there it is mostly associated with the end uses of water such as heating [4]. Adapting water management to meet increasing demand, regulatory standards, and the effects of climate change will require greater energy use [5,6]. Thus, finding a balance between energy use and limits for the GHG emissions will be a significant step in water management and planning.



Water and energy form the water–energy nexus that captures all aspects of water and energy interactions, i.e., “water for energy” and “energy for water”. Water is an essential component in energy production (cooling, hydroelectric or nuclear power, fossil fuel extraction and production of biofuel, solar fuel or hydrogen). Concurrently, energy can be also used in numerous processes for supplying, treating, and using water [7]. The energy intensity of water use (also called virtual or embedded/embodied energy) is defined as the total amount of energy, calculated on a whole-system basis, required for the use of a given amount of water in a specific location [8]. This calculation can vary considerably based on a number of factors. Among the most important aspects are the type and quality of the source water, the pumping requirements to deliver water to end users, the efficiency of the water system and the energy embedded by specific consumer end uses [9]. While energy sources other than electricity are occasionally used for water supply and treatment, 93% of water providers and 86% of wastewater treatment plants, respectively, receive 90% and 80% of their operating energy from electricity [10]. Some of the links to energy in the water sector are often overlooked, and confusion about results may arise through differences in the scope, methods of assessment, and the definition of boundaries. In particular, end-use processes are generally excluded because they occur outside the water industry (for example, residential heating of water) and also due to the commercial embargo on the data related to the end-use of water in the industrial sector [11]. The lack of studies assessing energy use and related GHG emissions in the whole water sector may be partly due to the absence of clearly defined boundaries [12].



The energy–carbon–water (ECW) nexus has been previously assessed using process-based, input–output (IO) hybrid, spatially explicit, multiregional hybrid, techno–economic life cycle analysis (LCA) approaches [13]. However, these LCA approaches present challenges in analyzing the ECW nexus due to the fact of its data-intensive characteristics, difficulty in evaluating the linkages among ECW nexus among regions, inability to capturing the dynamic interactions of the ECW nexus, and the high uncertainty of the results assessment using various boundary conditions [14]. The LCA method is a part of nexus relationships which have limitations in addressing normative aspects in resolving environmental goal conflicts [15]. Multicriteria analysis (MCA) runs short in addressing desirability aspects of trade-offs. However, MCA does not provide inter-temporal comparison leading to difficulties in finding a fully satisfactory answer in a carbon footprint assessment [16]. Backcasting scenarios describing normative aspects are used to examine paths to alternative futures taking into consideration desirability goal conflicts [17]. Thus, a comprehensive multi-target backcasting approach, which combines the MCA, nexus approaches and backcasting has the potential to ensure resilience and sustainability in a consistent long-term vision framework [18]. Overall, previous studies have demonstrated that the multi-target backcasting approach is a useful way to set system boundaries and to identify synergies and conflicts for management within these boundaries supporting a transition to zero GHG emissions [19].



The water industry is responsible for various carbon emissions that requires a significant amount of energy. The treatment of carbon-containing waste from the water industry can release a variety of emissions strongly affecting management of water systems, i.e., electricity generation. The water sector is responsible for about 4% of global electricity consumption [20]. Approximately 40% goes to water withdrawal, 25% to wastewater treatment (WWT), and 20% to water distribution [21]. By 2030, the International Energy Agency anticipates a 50% increase in the amount of energy consumed by the water sector due to the increased reliance on desalination, large-scale water transfer via pumping, and increased collection of wastewater [22]. The energy that is primarily used for pumping, transport, storage, etc., could be decarbonized by a careful balancing of energy generation from waste (methane in particular) and renewables sources, i.e., wind, solar, hydropower, etc. The emissions from the water industry may be divided into two-thirds derived from the operational energy use associated with treatment and pumping of water and the remaining one-third associated with the embodied carbon emissions relating to infrastructure maintenance and construction [23]. Emissions are categorized into direct, indirect, and supply chain-centric categories as shown in Table 1.



The indirect emissions (≈90%) associated with purchased electricity and greenhouse gas emissions that occur from the application of sewage sludge to land dominate over the direct emissions [23]. Therefore, the decarbonisation of the electricity supply (i.e., fossil-based or renewable source) has a very significant impact upon the water industry’s emissions profile in the water industry [25]. Greenhouse gas emissions can be calculated from the energy consumption or quantitative properties of gas composition, i.e., in wastewater treatment [26,27,28]. Additional potable water demand and wastewater generated can also contribute to greenhouse gas emissions that are calculated using emission factors for each source of emissions [28].



The carbon footprint of water usage is likely to grow for several reasons. Climate change is predicted to have numerous adverse effects on freshwater resources, reducing many available water supplies [29]. With water demand growing, water providers are increasingly looking to more remote or alternative water sources that often carry a far greater energy and carbon cost than existing supplies. In addition, the adoption of higher water treatment standards will increase the energy and carbon costs of treating the circulated water and wastewater. While the current magnitude of energy required to supply and treat water and wastewater is large, the carbon footprint can be reduced with: the (1) development of new technologies to reduce electricity demand; (2) use of renewable energies to balance energy generation and, concurrently, meet environmental regulations; (3) development of regulatory standards requiring lower levels of drinking water and circulating water in industry with cost and energy efficient wastewater treatment [30].



This work proposes a common assessment strategy for the carbon footprint of water on any industrial site. The analysis includes the validation of the footprint method using data from the literature for milk powder, steel, pulp and paper, pharmaceuticals, and textile production. Another objective of this work was to relate the carbon footprint assessment results with currently available local and EU policies and regulations. Therefore, a common strategy for the carbon footprint assessment of water will be suggested initially for industrial water users and further linked to the “problem-potential solution-future challenge”, referring to the policies and regulations of the Environmental Protection Agency in Ireland.




2. Materials and Methods


2.1. General Methodology


Water is used in just about every industry with notable consumption for manufacturing, processing, cooling, transporting substances, sanitation needs within a facility, incorporating water into a final product, etc. [31]. A sustainable water supply in industry involves limiting water use through efficient appliances and methods adapted to the particular industry. Recycling of water in industrial processes can provide a sustainable water supply for industry without straining municipal water supplies. However, industrial sites can also release organic water pollutants and produce waste during the treatment of water for consumption. This means that industry has a dual responsibility for internal sustainable water supply and the protection of external water supply sources. In the present work, the carbon footprint of water will be assessed using the correlation of water and energy. The industrial site will be graphically shown to indicate the main energy consumption units. Thus, the life cycle assessment will be performed using calculations based on academic literature data for milk powder production.



The carbon footprint can be calculated using the energy intensity and values on CO2 emission factor per 1 kWh as discussed previously [32]. The factors of generated CO2 emissions strongly depend on the energy source. When the carbon footprint for the water supply is calculated, it is important to understand if the energy source comes from fossil or renewable sources. The CO2 emissions using renewable energies are known to reduce the carbon footprint to zero making such water supply carbon neutral and, thus, will be considered as an alternative to fossil fuels in the present life cycle assessment [33,34].



The EU directives and regulations that play a significant role in the water management sector will be assessed to develop a roadmap towards establishing Ireland as a leader in the adoption of water stewardship. Various methods to integrate the European environmental agenda with the sustainable management of water in Ireland will be outlined and visualized using a three-circle model. The advantages of the “active water citizen” culture will be discussed and linked to the roadmap of water management using a planned national program.




2.2. Energy Input Assessment


Accurate assessment of the energy inputs into the water supply, treatment, and consumption is important for carbon footprint calculations. The energy inputs of a typical water-use cycle can be broken down into five basic stages: abstraction, treatment, distribution, end user, and wastewater treatment. The energy intensity of each component of the water cycle can differ considerably, resulting in a wide variability of embedded energy values among water systems. The ranges of energy intensities for water use cycle segments are shown in Table 2.



Including wastewater treatment but not including end use, the energy intensity of municipal water supplies on a whole system basis can range from a low of 1050 kWh MG−1 to a hypothetical high, upwards of 36,200 kWh MG−1. For most utilities, energy use varies from 1250 to 6500 kWh MG−1 [4].



The water supply and conveyance energy uses carry the highest environmental burden—in most cases, consumed as electricity for pumping during abstraction and distribution [35]. During the water abstraction and conveyance, water utilities are forced to pump groundwater from deeper depths or inter-basin water transfers or desalination. Overall, water pumping represents about 80–85% of the total electricity consumption for surface water supplies and practically all electricity used for groundwater supplies. This suggests that relying on deeper wells, more remote surface supplies, and nontraditional water sources will significantly increase energy demands [36,37]. Moreover, the type, quality, and location of a water supply are the primary factors influencing the energy embedded in a water supply system.



In Ireland, the water supply mostly comes from fresh groundwater (25% of total water consumption) or surface sources such as rivers, lakes, or streams (75% of total water consumption) [38]. Other sources of water supply, which include desalinated seawater, brackish groundwater, and recycled wastewater, are used more in other EU countries and the US [39]. Table 3 provides generic estimates of the energy intensity for water supplies.



For water circulation on industrial sites, energy use can be reduced by the redesign and modification of pumping equipment. Previous studies have shown that the energy intensity for the pumping of groundwater/surface water (51 kWh MG−1) was three times less than that for water distribution (139 kWh MG−1) [40]. The EU countries which use desalination pretreatment for the water supply might account for a higher pumping demand than that for water distribution.



The energy intensity of wastewater treatment also depends on the pumping demands for wastewater collection as well as the level of treatment and size of the facility [41]. For most wastewater treatment plants, energy use ranges between 1000 and 3000 kWh MG−1 [42]. Wastewater treatment plants are often sited in order to utilize gravity fed wastewater collection to decrease pumping costs, because pumping wastewater is inherently more inefficient than pumping freshwater [43]. The energy intensity of treating wastewater (i.e., activated sludge from 2236 to 1028 kWh MG−1) increases with greater levels of treatment and decreases with scale (from 1 to 100 MGD). Water sources require treatment, usually consisting of chemical additions, coagulation and settling, filtration, and disinfection for the surface water disinfection [44]. Urban water suppliers typically use more energy intensive treatment methods of disinfection such as ozonation and ultraviolet radiation for health and safety reasons. In many groundwater systems, disinfection is the only treatment required. Physical–chemical processes are used only in those cases where excessive concentrations of specific constituents can be reduced. Overall, Table 2 shows that pumping during water abstraction, distribution, and wastewater treatment can account for the main fraction of input energy in the entire process. End-user energy demand varies from one industrial sector to another. Overall, the energy intensity for the regional, commercial, industrial, and institutional end use varies from 100 to 67,700 kWh acre foot−1 [45].




2.3. Limitations of Assessment


The present assessment of water supply and consumption is not focused on a specific type of industrial site. The aim of this work was to assess any industrial site using the proposed methodology. However, it is expected that agricultural end users including water use for irrigation has to be considered using other assumptions, which include accounting for the GHG emissions associated with the transportation of water over long distances. Globally, irrigation accounts for approximately 20% of the arable land area, but it can contribute to 40% of the global harvest [46]. Agricultural and dairy end users generally showed high water demand for crop production varying from 1372 to 41,759 MJ ha−1 [7,47]. The highest intensity of water use in irrigated agriculture is mostly allocated to water pumping and transport over long distances [48].





3. Results


3.1. Energy and Water Carbon Footprint Calculations


The electricity distribution from generation to consumption can be separated into steps, as shown in Figure 1. These steps include primary energy production through to power generation from the combustion of fossil or biofuels, further consumption of the energy at the power plant, transport losses, energy trade, and energy consumption by the industrial end user. In the present work, the primary energy sources, power generation, and internal consumption were considered as the first step in the assessment of carbon intensity.



Primary energy source: The used feedstocks and technology for the energy generation had a strong impact on the GHG emissions. The CO2 emissions from electricity generation declined in 2018. This was due to the general reduction of coal- and oil-generated energy and an increase in zero-carbon renewable energy, primarily wind energy generation, that produced 33% of all electricity in 2018 compared to just 7% in 2005 in Ireland. This emphasized the importance of the transition to the use of renewable feedstocks instead of fossil-based fuels.



Power generation: Energy used for transport was the largest emitter of CO2 emissions accounting for 40%, followed by the energy used for heat with a 33% share and electricity generation with a 27% emission share in Ireland. Fossil fuels are used to heat domestic households and industrial facilities. An SEAI report demonstrated that CO2 emissions increased by 8% in 2018, sharing 47% of CO2 emissions for domestic heat consumption and 21% for industrial use [49]. Even though the consumption of renewable energy in Ireland increased in the last decade, Ireland is considered a laggard in decarbonisation of its heating system, with the second lowest share of renewable energy used for heat in the EU. Generating electricity in traditional combined cycle gas power plants using coal, peat, or biomass has low efficiency [49]. The ESB’s Aghada station in Cork is one of the most efficient and cleanest generating plants in Europe with an efficiency of 58.5% [50].



Internal energy consumption: Primary energy generation includes a power plant’s own use of electricity, followed by the transmission and distribution losses at the power generation source. However, the internal consumption of energy in Ireland does not exceed 6% as recently reported [50].



Transport losses: Power losses occurring in the electric grid count the total split between the high, medium, and low voltage sections of the electric network. In Ireland, the electricity consumption emission intensity of 0.375 kg CO2 kWh−1 for 2018 was slightly higher than the electricity production emission factor 0.344 kg CO2 kWh−1 [49]. The difference between electricity emission intensity and electricity production factor can be explained by the transmission and distribution losses. The previous statistic report showed that less than 10% of transport losses are expected along the grid [50].



Energy trade: The carbon intensity of the electricity consumed depends on the carbon intensity and amount of electricity traded with the UK and other EU countries. Ireland was a net electricity importer. However, since 2016 Ireland became a net exporter of electricity and, thus, this aspect of electricity trade must be realistically represented in the life cycle assessment [51].



Energy consumption: The energy consumption encompasses the energy supplied to the industrial site, distributed at the facility and heat/cooling losses during the plant’s operation. Figure 1 illustrates that carbon intensity rises along the pathway, while available electricity decreases along the pathway with the electricity losses. The decreasing thickness of the arrow represents lower amounts of energy available and the darker color illustrates a “dirtier” mix meaning a higher carbon intensity of energy.
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Figure 1. Carbon intensity of electricity from primary source production to consumption, based on work in Reference [52]. 






Figure 1. Carbon intensity of electricity from primary source production to consumption, based on work in Reference [52].
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3.2. Energy–Water–Carbon Nexus for Industrial Users


An integrated approach to energy efficiency and GHG evaluation must be developed in order to reduce GHG emissions related to energy consumption during the operation of industrial pilot plants. The long-term aim is to improve the energy efficiency of water pumping systems, improve water efficiency (reusing treated wastewater), and generate energy from renewable resources such as solar energy, wind energy, and bio-related sources with the extension of energy storage facilities. The main operational stages of an industrial unit are shown in Figure 2.



The number of stages can vary from one type of industrial site to another. However, it was assumed that the main stages presented here were representative of many different industries, i.e., pharmaceutical, food, polymer processing. In agricultural product manufacturing, transportation of water from one production unit to another using different conversion factors for fuel should be considered in the GHG calculations. The assessment of GHG emissions was performed using six main sections of the water supply and use at the industrial pilot plant such as pumping, water used for administration/employees, cooling/heat losses, product manufacturing, cleaning of supplied water/wastewater, and transport of sludge to the agricultural field. Pumping and cleaning of water can be separated in two assessments: water supply to the plant including water distribution on the industrial site and wastewater pumping or discharge cleaning. The energy requirements are translated into GHG emissions using a conversion factor based on the electricity mix in Ireland (kg CO2 kWh−1). This allows industrial users to avoid any fluctuation in GHG emissions, attributable to local electricity supplies, and to allow for fair comparison between industrial plants regardless of their location nationally.



In this work, the carbon footprint assessment of water was performed on the industrial site using a product of energy emission factors with the recalculation factors from the 2018 SEAI report [49] and the UK DBEIS report [53] and excel document [54] as shown in Equation (1):


GHG emissions = activity × emission conversion factor



(1)







A company reports the emissions from the electricity it uses, which can be found by reading its electricity meters or gathering data from utility bills. The kWh electricity use is multiplied with the EFEnergy generated according to the updated status in the SEAI report [49]. The emissions associated with the energy generation can be converted to kg CO2 when the conversion factor is multiplied with the amount of generated energy. The emissions associated with the transmission and distribution of electricity must be summed with the FEnergy generated factor when the EFconsumed will be calculated.



It is especially important to consider the energy trade aspect when countries have high electricity imports. Companies can calculate the supplied electricity using Equation (2), according to Moro and Lonza [52]:


Esupplied = Enet − Epumping + Eimports − Eexports



(2)







The statistical data can be found in International Energy Agency (IEA) reports. The carbon intensity will be determined using Equation (2):


Carbon intensity = GHG/Esupplied



(3)







The consumption of energy can be taken from electricity meters at companies and recalculated using conversion factors as shown in Equations (2) and (3). It was shown previously that the carbon footprint in water technologies is dominated by the indirect emissions from purchased electricity [55]. The application of sewage sludge to land as a fertilizer results in indirect carbon emissions that have a significant impact on the water footprint. The emission factors for the post-manufacturing treatment of water/discharge were not calculated in the present work because they were assumed to be lower than emissions from electricity generation. However, when the detailed calculation of emission factors is required, transportation, storage facilities, employee’s meal, water circulation through the industrial buildings, etc., must be considered. In addition, the consumptive carbon intensity per unit of electricity at the industrial plant was not considered in the present work. To estimate the average consumptive water footprint for manufacturing/production, a sum of emission factors for operation, construction, and fuel supply at the industrial plant must be considered [56]. The company multiplies the water used (cubic meters/m3) by the appropriate year’s conversion factor called “water supply” to produce its emissions output. The company multiplies the volume of water disposed of via the drains (cubic meters/m3) by the appropriate year’s conversion factor called “water treatment” to produce its emissions. The conversion factors for water supply and treatment can be found in the excel UK DBEIS documentation [54].




	
EFWater_supply: 0.344 kg CO2e m−3



	
EFWater_treatment: 0.708 kg CO2e m−3








The emission factors should be multiplied by the amount of supplied and treated water at the industrial pilot plant. It is worth noting that these emission factors are reported in carbon dioxide equivalent that includes other GHGs such as methane.



Due to the gaps in data relating to upstream and downstream emissions for water treatment before and after it leaves the industrial site in Ireland, UK emission factors may be utilized due to the similarities in infrastructure and climate. Downstream treatment of wastewater in the UK water network has an emission factor of 0.708 kg CO2e m−3 [54]. Downstream emissions would be zero if the water was treated onsite and went straight into a river or sea. Similarly, the water supply was assumed to emit 0.344 kg CO2e m−3 if the water was sourced from the water mains in the UK, that is, having undergone treatment upstream before entering the industrial site [54]. A different factor would be required for sites that abstract their own water based on abstraction energy requirements. It should be noted that the UK reports its emission factors in CO2e, while Irish emission factors only account for CO2. However, this will have a negligible impact on the final results of this assessment due to the low amount of these additional gases released from fossil fuel combustion. In the present calculation, the conversion factor of 0.375 kg CO2 kWh−1 for generation of electricity in Ireland was used to calculate the emissions [49]. Conversion factors for onsite heat/steam vary in the range from 0 kg CO2 kWh−1 for renewables, e.g., biomass to 0.205 kg CO2 kWh−1 for natural gas and 0.341 kg CO2 kWh−1 for coal. Assuming combustion of fossil fuels onsite at an industrial site accounts for 61.86% of energy use at Irish industrial sites with a breakdown of 30.36% for natural gas, 19.82% for gas oil/diesel, 7.63% for renewables, and 4.05% for coal, the calculated conversion factor for onsite heat/steam in Ireland is 0.207 kg CO2 kWh−1. In addition, 2.1% of non-renewable waste was not included in this calculation [49]. However, there are several EU data libraries that provide data on conversion factors. This indicates that the selection of conversion factors must be based on the region where the emissions are calculated. In addition, no CO2 is emitted from renewable energy sources, i.e., wind and solar power [57]. For example, the national grid electricity emission factor in Ireland is 0.375 kg CO2 kWh−1 [49]. This is derived from the national energy mix of grid electricity in Ireland that includes wind and solar, which are correctly 0 kg CO2 kWh−1 but also includes coal, peat, natural gas, plus distribution, and transmission losses. If electricity was produced from renewable sources on-site, the emissions would be zero, but very little of this takes place in Ireland so it is negligible for our calculations.



The calculation of GHG emissions for the transportation of sludge that was separated from the wastewater is shown in Equation (4):


EFtransport_sludge = n/msludge × ρsludge × s × fuel consumption × fuel conversion factor



(4)







In Equation (4), msludge and ρsludge are mass and density of sludge, n and s are number of trucks and sludge transportation distance. For the sludge transportation, conversion factors will be selected based on the type of fuel used to tank a truck that carries sludge from the industrial unit to the agricultural field. The fuel conversion factors might be selected for petrol (2.31 kg CO2e l−1), diesel (2.69 kg CO2e l−1), and for biodiesel (0.17 kg CO2e l−1) [54]. The manufacturing unit at any industry will mostly consume the electricity for pumping [3,4]. However, drying, condensation, pelletizing, molding, and other processes will also require water use.



Thus, it is suggested to calculate the carbon footprint for the manufacturing unit using the sum of the electricity consumed for each production stage that varies from one industry to another as shown in Equation (5)


EFmanufacturing = EF1 + EF2 + EF3



(5)







Electricity demand for pumping was separated into two stages: water supply including distribution on the industrial unit and pumping related to waste water treatment. The emission factors are calculated for the assessment of pumping using Equation (6):


EFpumping,i = conversion factor × power consumption/flow rate × number of pumps



(6)







The electricity demand for the wastewater processing consists of wastewater cleaning and pumping through all industrial stages of the water discharge recycling. Wastewater processing is related to the addition of chemicals to clean the water and separate the contaminants as a sludge that can be further used on agricultural fields. The cleaning of wastewater is calculated in Equation (7):


EFcleaning,i = chemicals/sludge × power consumption/flow rate × conversion factor



(7)







The process heat losses can contribute to GHG emissions in the water sector that can be calculated using the first law of thermodynamics as shown in Equation (8):


EFheat_loss = mwater × ΔT × cp/Vwater × conversion factor



(8)







In Equation (8), mwater and Vwater are mass and volume of water, ΔT is the difference between ambient and process temperature. The emissions generated by the number of employees and administration (p) for the personal needs (i.e., hands cleaning, food preparation, sanitation use) are calculated using Equation (9):


EFpersonal = energy consumption/personal water consumption/p × conversion factor



(9)







The proposed calculation for the GHG emissions on industrial sites can be easily conducted when the companies know their water and energy consumption and use national databases for the selection of conversion factors. Equations (1)–(9) form a step-by step template to guide calculation of emissions for any industrial site.




3.3. Carbon Footprint Assessment Using a Case Study


Carbon footprint emissions in the water supply and treatment are calculated for steel, healthcare, textile (cotton) and paper/pulp industries as shown in Table 4. The results show the calculated emissions for the water supply in steel and textile production which were estimated to be below the recommended emissions levels in the UK DBEIS protocol. A simple methodology to estimate the emission factors was introduced using data on consumed water and electricity. The carbon footprint calculated for the healthcare industry (Novartis, Switzerland) and milk powder manufacturing was higher than the carbon footprint determined for all other industries. The emission factor calculated for the wastewater treatment plant in the paper and pulp industry was below the limits reported in UK DBEIS protocol [53]. Similar calculations can be carried out by any industrial site to estimate the carbon footprint of the water supply and water treatment.



Table 4 shows a simple methodology for the emissions assessment of various industrial sites, whereas Table 5 uses a more complex strategy to estimate emissions on the milk dairy plant. The supply chain of the milk dairy system is shown in Figure 3.



This includes all stages involved in the life cycle assessment using Equations (4)–(9).



The dairy sector includes liquid milk, milk powders, cheese, butter, yogurt, and ice cream [63]. Typical dairy production combines the manufacturing of powdered milk, cheese, and whey plant [62]. However, the life cycle assessment of the dairy plant is based on the assumption that only milk powder is produced, whereas the emissions generated at farm facilities for liquid milk production were not considered in the present study. The present milk dairy plant was designed as water-efficient facility with the average water consumption of 0.6 m3 per 1 m3 of liquid milk and total energy demand of 0.89 GJ pro kg of the powdered milk with the energy recovery of up to 94% [67,68]. For the production of 1 kg of powdered milk, 8.5 L of liquid milk is consumed [69]. The heat was provided by the onsite thermal facility and the electricity was externally delivered to the powdered milk manufacturing plant. The system’s boundary includes only activities related to the manufacturing stages where fresh water supply was used. This includes pumping, powdered milk production unit (thermisation/pasteurisation/centrifugation; thermal concentration/evaporation; drying; packing and bottling); administration and wastewater treatment [70].



Figure 4a illustrates the calculation of the energy demand for each manufacturing stage. The energy demand is separated into thermal and electrical energy consumption for all manufacturing steps as shown in Figure 4b. Overall, thermal energy is a major component of the direct energy consumed in the manufacturing of the powdered milk; it is at least four orders of magnitude higher than electricity as discussed previously [71]. The energy requirements for the manufacturing of the powdered milk, packaging, and administration are less than 20%, which is significantly less than the liquid milk production on farm varying from 80% to 86% [72]. The evaporation and drying processes require a higher energy demand than pasteurisation and packaging as reported previously [62,73]. Evaporation and pasteurisation require steam for heating; furthermore, steam is used to generate hot water for cleaning and sterilisation [74]. Spray drying is energy intensive process because of the convective heating but has a better energy efficiency than the drum drying. The water use on the industrial site is considered to remain unchanged from pumping to powdered milk manufacturing. This means that 0.6 m3 of freshwater per 1 m3 of liquid milk is equally used for cleaning and sterilisation in powdered milk manufacturing. The flow rate of wastewater is assumed to be 13.7 m3 per ton of powdered milk which is higher than the flow rate of freshwater. Cooling water, chilled water, and process water used in powdered milk manufacturing is not included in the assessment because it is recirculated in the closed loop without giving any input to the discharge in the wastewater unit. In milk powder production, indirect heating is used, except for cleaning [75]. That means that the condensate is brought back to the boiler, and be reused in a closed-loop system, resulting in very low water loss [74]. The life cycle analysis includes only process stages that have an impact on the quality of freshwater leading to the formation of discharge. It was assumed that the largest fraction of the supplied freshwater is used for the cleaning and sterilisation of the manufacturing stages [70]. Therefore, the energy demand in the water footprint assessment is calculated under the assumption that the freshwater is used for steam generation in cleaning and sterilisation operations. It is important to note that for powdered milk production, water input comes not only from the water supply but also from the wastewater treatment plant. The energy consumption at the wastewater plant is assumed to be only electrical with the average chemical dosage of 90 g per kg of product forming 2.4 kg sludge per m3 of treated wastewater.



The transportation of sludge was not calculated in the present assessment because the powdered milk manufacturing is a low sludge production facility. The water footprint from activities of administration and employees was estimated using the total water and energy demand for the water heating and sanitising purposes [75]. The input parameters were taken from the literature [49,54,62,67,68,69,70,71,72,73,74,75]. The results of the life cycle analysis are summarised in Table 5.



The emission factors for evaporation, drying, and pumping were higher than for administration and wastewater treatment. The lowest emission factor was calculated for the packaging, as significantly lower water quantities are required than decades ago [71]. The highest emission factor was calculated for water pumping, where mostly all water pumped was freshwater. This is because the energy demand in the current water footprint calculation was significantly reduced due to the less energy required for the manufacturing of milk powder than is presented in the literature. In the present work, the process water used in the closed loop process without significant impact on the emissions in the wastewater treatment plant were outside of the studies scope. However, the energy demand for the water pumping remained in range 5% to 14%. The previous work demonstrated that the major processes using only electricity consume 31% for cooling, 23% for water heating, 20% for milking, 5% for water pumping, 3% for lighting, and 18% for miscellaneous processes such as housing systems, air compressors and backing gates [76,77]. Therefore, during normalisation of energy demand using only electricity, the emission factor for the pumping was calculated to be 0.159 kg CO2 per m3 of water. The total emission factor calculated as a sum of the emission factors of various steps in the milk powder manufacturing was lower than the emission factor resulting from a simple calculation in Table 4. This is because the simple calculation assumes that only electrical energy is used in the emission factor estimation, whereas both thermal and electrical energy demands were considered in the complex calculation using Equations (4)–(9). Overall, the total emission factor calculated for milk powder production (1.28 kg CO2 m−3) was over the limits reported in UK DBEIS protocol for the wastewater treatment (0.708 kg CO2 m−3) [54]. The conversion factor for onsite heat/steam and electricity generation had a significant impact on the total emission factor. Combustion of fossil fuels or use of electricity generated from nuclear power plants can lead to the increase in conversion factors. Therefore, the use of renewable energy sources for the onsite heat/steam and electricity generation is an option for decreasing the carbon footprint in the water supply and treatment.



The uniqueness of the presented approach compared to previous studies [62,63,64,65,66] is its simplicity and focus on the main energy consuming manufacturing steps in the industrial process. Both presented calculations indicated a gap in the available research on the water footprint assessment in the industrial sector. The combination of data from powdered milk production indicates that the process of data collection and processing is one of the obstacles for the evaluation of results from ecoinvent databases. The need to establish a database for water footprinting was underlined by the International Organisation for Standardisation [78]. However, no synchronised database has been created that allows to dynamically assess water use within the LCA framework [79]. Considerable differences between the ecoinvent database versions call for the development of novel LCA approaches to assess the water footprinting worldwide [80]. The introduction of new modeling principles and LCA approaches can simultaneously improve the quality and quantity of existing data for the global coverage of activities and their geographically consistent linking. The present results showed that the evaluation of the same powdered milk manufacturing facility can provide scientists with various data. This is due to the different assumptions of individuals and dynamic changes in the industry leading to integration of new cleaning technologies and measurement techniques. Overall, the authors believe that their findings can be used for the improvement of existing ecoinvent databases by proving a new scenario in the operational LCA assessment. This study shows that both approaches can be used in a combination of different strategies for the development of multi-target backcasting scenarios.



Dairy processing uses a significant amount of water for processing and cleaning. Different ways to assess the water footprint indicate that a general approach for industrial sites on how to assess the emissions coming only from water use has not been developed. The water footprint assessment in the industry requires more precise water usage data at each manufacturing step and the energy demand used in the water-related operations which might contribute to the discharge. The precise monitoring of the water and energy demand can decrease the process cost. The optimisation of flow and process control, reduction of leaks, integration of low water usage technology and replacement of fossil-based energy sources with renewable energy are strategies to reduce water and energy demand on the industrial site. However, one of the main components for successful parameter monitoring is the involvement and support of operational staff. The water conservation can be encouraged by forming a water management team to promote awareness of water efficiency using regular discussions with other staff members. Staff awareness and motivation in water conservation can significantly support the data collection and processing. To facilitate industrial sites on their transition toward more efficient water management, there is a need to overcome the common misconception that water saving measures do not offer high monetary value savings.



By showing the interconnections between water and energy, this paper highlighted that the true cost savings resulting from more efficient water use also translates into additional energy savings that could stimulate a more water conservative culture within the organisation. The active engagement of staff in the challenges related to water conservation and concurrent integration of efficient technology will establish a platform of guidelines for a transformation of societal opinion on the sustainable use of water in industry.




3.4. Legislation and Policies for Industrial Water Stewardship in Ireland


Ireland’s 2015 Energy White Paper proposes guidelines for a radical transformation in the energy sector in Ireland and a large reduction of CO2 emissions from 2015 to 2050. The outlook of the Energy White Paper aligns with the prevailing narrative energy policy of the EU with respect the low-carbon society transition [81]. However, the EU guidelines are not always on track with environment targets and dynamic changes in research and innovation. Gaps exist in implementation of legislation towards municipal waste recycling, release of microplastics, and status of urban air quality, leading to the loss of biodiversity [81,82].



Moreover, the EU is likely to miss its key 2030 climate and energy targets unless governments implement further action including reduction of subsidies for fossil fuels with the concurrent increase in renewable energy and materials into the industrial sector [83,84]. However, the objectives of governmental funding must be aligned with the EU Water Framework Directive with respect to definitions and recommended structure. Categorisation and programs for the development of measures on a river catchment basis with the concurrent development of assessment methods are needed to reach the targets of the EU Water Framework [85]. Figure 5 shows European water legislation and policy which were implemented by the EU to support water management in Ireland. The legislative documents provide the government with substantial guidance on how to protect water bodies according to the European water policy. In addition, also observed were several policy documents related to agricultural practices starting in 2006 on an annual basis [86]. These changes are also in agreement with modifications in government legislation coordinated by the Environmental Protection Agency in Ireland [87]. New developments in water cleaning technologies and the energy sector, pressure of the “EU green deal” on businesses and local authorities, mismatch between the most abundant water resources located in north and west of Ireland and supplying the majority of the population located in the south–east to east of Ireland has led to modification of legislation and policies [87].



Improvement in water supply–demand management can reduce pressure on both government authorities and businesses concurrently, preventing environmental damages and avoiding the necessity for the redesign of the supply infrastructure [88]. The development of an effective water supply–demand management system requires the formation of “active water citizenship” culture as a part of stakeholder and government interaction [88]. Independently or in cooperation with governmental authorities, stakeholders have the potential to realise a wide range of environmental and social benefits using self-initiated care for the water supply-demand system on the manufacturing site. “Active water citizens” often experience a lack of support from governmental authorities and are constrained by existing legislation that prevents them from substantive outcome realisation [89]. “Active industrial water citizens” can realize significant transformation in governance using low-cost sensors for monitoring leaks that reduce water loss and improve forecasting of water demand, consider novel approaches for the automatisation and control of water supply and distribution on the manufacturing site, etc. [90]. Similar to alignment with the European Green Deal objectives, it is often a very complex and time-intensive exercise to develop understanding of dynamically changing water life cycles, water demand on the industrial site, governmental requirements for the water cleaning technologies. These requirements include the replacement of synthetic chemicals with environmentally friendly organic products and the status of novel efficient water metering instruments.



Moreover, the development of artificial intelligence and data mining tools will significantly support industry with the extensive control and monitoring of any changes in water management. This can be costly to address as an individual business requiring several companies work collaboratively in tackling water management challenges. Therefore, a national program in Ireland is desired to support businesses with the initial stewardship training and expert consultancies to identify the water life cycle and develop tools for the water metering and carbon footprint assessment using various scenarios. Figure 6 illustrates a framework for the industrial water supply–demand management.



First of all, the interaction between governmental authorities and industrial enterprises is suggested to be collaborative. The establishment of the national program will through accurate analysis of the industrial infrastructure and studying policy directives and legislations identify new opportunities for the research and development of technologies and monitoring tools. The companies will be supported by consultancies and training through initial governmental funding, demonstrating how to integrate sustainable and environmentally friendly solutions in the existing industrial infrastructure. A necessary precursor to applying artificial intelligence (AI) algorithms to water management nationally, is the development of a virtual digital twin of operations, that is, a real-time virtual model that represents the status of the physical system. The AI algorithms can then be applied to the digital twin models to simulate optimal operation conditions and guide decision makers. However, progress towards a sustainable outcome will be achieved only when all participants from authorities, industry, and academia develop the culture of “active water citizens”. The development of new EU directives and governmental regulations can take several years.



The time from the point of providing an idea to the point of implementation by EU committee and authorities can be used by the “active water citizens” for the integration of sustainable solutions using such methods as exchange information between different parties, dissimilation of information to public, preliminary life cycle assessment, market analysis, organisation of webinars and short educational programs, etc. The “active water citizen” culture will address issues of incentivisation and reflect the behavioral change at the corporate and individual levels. This will establish a platform for new research programs which continue to support the initial interest of industrial enterprises and authorities in sustainable water management, as previously suggested [90]. More linkages to the international water stewardship community and global programs are recommended.





4. Conclusions


The carbon footprint has become a widely used concept by society, despite its lack of scientifically accepted and universally adopted guidelines. The development of energy and water efficient technologies, different methodologies to assess the emissions on the industrial site, and formulation of socio-economic models offer guidance for both industry and government agencies on the transition towards decarbonisation. However, this study clearly identified a gap in the compilations of data which are not readily available and, thus, make it difficult for companies to access how they are performing with respect to sustainable water consumption. The carbon footprint in water supply and treatment is calculated in Ireland using UK DBEIS database. However, companies should have more options to compare their environmental performance against others manufacturing similar products, nationally and globally in order to compare against sectorial best practice. This study showed that the reviewed EU and national documents create environmental awareness on industrial sites to minimize water usage and promote green technologies. Using the concept of “active water citizen” can significantly increase motivation and environmental awareness within industrial staff members leading to efficient usage of natural and digital resources. The establishment of a national platform in Ireland will support water stewardship through behavioral change at the corporate and individual levels, provide additional research funding and a smooth integration of sustainable policies in the industry.
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Figure 2. Greenhouse gas (GHG) emission sources in the water sector. 
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Figure 3. Supply chain of milk dairy–system boundaries using the presented life cycle assessment methodology and classification of the production stages. 
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Figure 4. Energy consumption in powdered milk production. 






Figure 4. Energy consumption in powdered milk production.



[image: Processes 09 00393 g004]







[image: Processes 09 00393 g005 550] 





Figure 5. Legislation supporting water stewardship in Ireland in period of 2000–2017. 
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Figure 6. Recommendation for the industrial water supply–demand framework. 
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Table 1. Direct and indirect emissions [24].
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	Direct emissions
	
	⮚

	
Emissions from transport




	⮚

	
Emissions from the companies own fossil fuel use




	⮚

	
Methane and nitrous oxide from wastewater treatment









	Indirect emissions
	
	⮚

	
Grid electricity used for pumping and treatment of water and discharge




	⮚

	
Grid electricity used in industrial buildings









	Indirect emissions that are accounted for
	
	⮚

	
Emissions from contractors and outsourced services




	⮚

	
Business-associated transport (leased vehicles and owned by the industry buses, trucks, and cars)









	Indirect emissions that are not accounted for
	
	⮚

	
Chemical manufacture




	⮚

	
Embedded emissions—from construction and manufacturing activity




	⮚

	
Customers’ energy use to heat water




	⮚

	
Release of methane and nitrous oxide from sludge disposed to landfill and agriculture
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Table 2. Range of energy intensities for water use cycle segments [4].
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	Water Use Cycle Segment
	Range of Energy Intensity (kWh MG−1)





	Water Supply and Conveyance
	0–14,000



	Water Treatment
	100–16,000



	Water Distribution
	250–1200



	Wastewater Collection and Treatment
	700–4600



	Wastewater Discharge
	0–400
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Table 3. Generic energy intensity of water supply types [38,39].
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	Source Types
	Energy Intensity





	Surface Water (Gravity Fed)
	0



	Groundwater
	2000



	Brackish Groundwater
	3200



	Desalinated Water
	13,800



	Recycled Water
	1100
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Table 4. Results of a simple carbon footprint calculation in water supply and treatment with energy and water consumption pro unit of a product [49,54,58,59,60,61,62,63,64,65,66].
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	Industry
	Energy

Consumption, kWh m−3
	Water

Consumption, m3 m−3
	Emissions,

kg CO2 m−3
	DBEIS [54],

Water Supply, kg CO2 m−3





	1. Steel Production [50]
	1.28
	7.68
	0.062
	<0.344



	2. Healthcare [51]
	16.5
	15.4
	0.402
	>0.344



	3. Textile Production [52]
	1.7
	106
	0.006
	<0.344



	4. Paper and Pulp, Wastewater Treatment [53]
	30
	35
	0.321
	<0.708



	5. Powdered Milk Production Including

Wastewater Treatment [54]
	2.08 *
	0.61
	1.28
	>0.708







* It was assumed that only electrical energy was used in the calculation.
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Table 5. Results of the carbon footprint calculation in milk dairy production [49,54,62,63,64,65,66].
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Parameters

	
Value

	
Unit




	
Input Parameters






	
1. Total Energy Input

	
0.89

	
GJ t−1 of powdered milk




	
2. Water Supply

	
0.6

	
m3 m−3 of liquid milk




	
3. Liquid Milk For 1 Kg Powder

	
8.5

	
l kg−1




	
4. Pump Energy Consumption

	
3

	
kWh




	
5. Pump Flow Rate

	
0.086

	
m3 s−1




	
6. Steam Energy Demand

	
2700

	
kJ kg−1 of steam




	
7. Energy Regeneration

	
90–94

	
%




	
8. Ambient Temperature

	
20

	
°C




	
9. Cleaning Water Temperature

	
60

	
°C




	
10. Energy Demand Wastewater

	
0.47

	
kWh m−3




	
11. Added Chemical for Cleaning

	
0.09

	
kg kg−1 of powdered milk




	
12. Wastewater

	
2.34

	
kg kg−1 of powdered milk




	
13. Wastewater Flow Rate

	
0.014

	
m3 kg−1 of powdered milk




	
14. Number of Pumps

	
1

	
-




	
15. Conversion Factor for Onsite Heat

	
0.207

	
kg CO2 kWh−1 [49]




	
16. Conversion Factor for Electricity

	
0.375

	
kg CO2 kWh−1 [49]




	
17. Conversion Factor for Wastewater

	
0.708

	
kgCO2e m−3 [54]




	
Calculated Emission Factors

	
kg CO2 m−3 of Water

	
kg CO2 m−3 of Milk




	
1. Pasteurisation

	
0.026

	
0.002




	
2. Evaporation

	
0.463

	
0.016




	
3. Drying

	
0.489

	
0.027




	
4. Packaging

	
0.015

	
0.006




	
5. Administration

	
0.050

	
0.012




	
6. Pumping

	
0.159

	
0.097




	
7. Wastewater Treatment

	
0.062

	
0.038




	
Total

	
1.262

	
0.198
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