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Abstract

:

Reducing energy consumption in buildings has received intensified research impetus since the introduction of the decarbonization goals set in the Paris agreement. Many domestic and specialized applications require clean rooms (indoor built environments) for safe and clean operation. Energy efficiency in clean room spaces depends on maintaining livable or required conditions such as temperature, humidity, and particle concentration with minimal use of energy and new carbon dioxide (CO2) emissions. In the literature, parameters such as temperature, relative humidity, particle concentrations, and CO2 emissions are not able to be properly controlled in clean room systems. The designed system in the literature involves high energy consumption and high economic costs. All these factors add novelty to this research, which was a significant research gap in previous studies. This clean room is directly linked to environmental parameters such as ambient temperature, relative humidity, etc. The clean room is also related directly to the building and infrastructure in such a way that there are certain regulatory requirements for designing a clean room. For designing and constructing the controlled environment in a clean room, the English (EN) documents, ISO 9000, and various other standards allow for clean rooms for different types of products. In this research, the designed control configurations properly control the system. Additionally, this system is energy efficient, with positive environmental aspects regarding CO2 emissions. Three control configurations were designed in this research, option A, option B, and option C, and three parameters are controlled in the study. These parameters are room temperature, relative humidity, and CO2 emissions (outside the room). CO2 emissions are controlled outside the room (in the environment). In the last research phase, a comparative analysis of these three control configurations was performed to find an energy-efficient system with fewer CO2 emissions. Control configuration B (option B) provides reliable results regarding an energy-efficient system and fewer CO2 emissions emitted to the environment. In this study, an optimized configuration for the air conditioning system was developed for a clean room (volume 185.6 m3) with a required temperature of 23 °C, relative humidity of 40%, and a particle size of less than 0.3 μm. Three different design configurations were analyzed using TRNSYS simulation software. The minimization of energy use and CO2 emissions were the objective functions. Energy loads were calculated for each of the configurations by varying the fixed air change per hour and the minimum outdoor air flow rate. The results of a whole year simulation run for control configurations A, B, and show that, on the one hand, the ambient weather conditions of temperature and relative humidity (RH) is varied throughout year and, on the other hand, the clean room temperature was maintain at exactly 23 °C, which is the required set point temperature, for all the three configurations (A, B, and C). Furthermore, the clean room relative humidity was maintained at 36% for configuration A, below the 40% which was the set point for clean room relative humidity, and at 40% for configurations B and C. Configuration B exhibited the minimum energy use (7300 kWh), at a fixed air change per hour value of 20 and a minimum outdoor air flow rate of 150 L/s, with the least amount of CO2 emissions, offering an overall 25% improvement over configurations A and C.
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1. Introduction


Recent years have seen an increase in the demand for clean rooms. Many domestic and specialized applications require clean rooms for safe and clean operation, such as in the pharmaceutical industries, the aerospace sector, medical device manufacturers, optics, nanotechnology, biological safety areas, university labs, and research facilities. This has been inspired by an increased emphasis on product quality and clean production. In the United States alone, the total clean room area has increased from 4.2 million square meters in 1993 to 15.5 million square meters in 2015. Similar trends can also be seen in the Far East and South Asia [1]. One of example of clean room domestic applications includes domestic air conditioners (ACs). The filters are already installed in an AC, and, with the concerned area being the quality of air conditioning, the concentration of particulate matter is also important to some extent in ACs. It is difficult to achieve effective air conditioning quality without controlling the concentration of particulate matter in household applications in the indoor environment, and the concentration of particulate matter used in filters of domestic ACs is one of the parameters that affects air conditioning quality. It should be noted that particulate matter has a minor impact on air conditioning quality; however, it is not a major parameter in terms of the need for control. Other clean room applications include the medical field and industry. The clean room has a major role play in ensuring patient health and product safety in the medical field. Clean room technology is used by pharmacies, treatment facilities, hospitals, and manufacturing plants of medical devices to reduce the airborne particulate level. Clean room industrial applications includes the manufacturing of optics, to ensure humidity control and cleanliness upon lenses. Another industrial application of clean rooms is in the electronics industry and the manufacturing of small components such as nanotechnology, CPU’s, and high-precision devices.



A clean room is a controlled space where the quality is controlled directly by modulating various physical parameters that include temperature, humidity, particle contamination, ventilation noise, vibration, and space pressurization. Such special requirements make the operation of clean rooms highly energy intensive, as they may require 30–50 times more energy than a common air-conditioned building [2]. Clean room environments consume approximately 30–65% of the total energy consumed in a whole building [3]. High energy consumption represents high overall costs. For example, establishing a class 10 clean room (ISO 14644-1 clean room standards) costs $2000 per square foot, and an additional $1 million is required to operate it annually [4]. In comparison with non-classified rooms, a clean room requires a huge amount of energy. Considering the scientific literature, it is worth highlighting that a clean room requires 25.3 times more energy in comparison with non-classified rooms. HVAC systems require 50–75% more electricity consumption purely because of clean production spaces [5,6]. If a classical economic theory is followed, it would be logical to adopt an energy source that costs the minimum. However, with the introduction of decarbonization protocols [7]. It is now necessary to opt for systems that produce lower CO2 emissions. This means that process configurations that were assumed to be the best in the past are no longer applicable. Among many CO2 emission reduction strategies, one is to optimize the system design and improve process efficiency [8]. This is marked as one of the key targets in the European Unions’ 2030 climate and energy framework [9]. Inadequate system design and control in engineering practice for energy intensive processes lead to wastages in terms of energy. For example, in Hong Kong, 42% of the annual energy consumption was reduced in pharmaceutical units by system retrofitting/optimization, without hardware modifications [10]. Many systems for clean rooms have been analyzed for energy use minimization, with good results, showing the huge energy saving potential for air-conditioning systems in control rooms [11,12,13,14]. However, to fully utilize the saving potential of air conditioning systems, many problems need to be addressed, due to complexity of their system design and operation.



Any experimental work related to the development of clean rooms is not only cost intensive but requires human and material inputs beyond the resources of most research and academic organizations. It is, therefore, reasonable to rely on established modeling and simulation methods for the analysis of energy consumption/minimization. TRNSYS software is a reliable tool for modeling and simulation [15]. The software has been used for performance analysis and cost reduction in solar thermal systems [16], hybrid space cooling systems [17], and the application of phase change materials in building design [18]. Kircher et al. [19] developed a TRNSYS model of a clean room located in a US nanoscience research facility. They presented different strategies such as a heat recovery system, the solar heating of ingoing air, upgraded lighting and equipment, and controlled filtration in response to different levels of particulate matters in the clean room. The results were encouraging in terms of energy efficiency and carbon emissions in the sunnier states (California and Texas) of the US. Shan and Wang [2] reported a reduction in cooling and heating consumption of up to 69.6% and 87.8%, respectively, when they retrofitted a partially decoupled clean room system. Zhuang et al. [13] presented a new ventilation strategy (ADV) and reported energy savings of 21.64%, 15.63% and 7.77% as compared to a partially decoupled control strategy.



The TRNSYS software has been extensively applied across various demographic regions with excellent results. Thanks to its capability to interconnect system components in any desired manner and quickly solve system differential equations, the component models of TRNSYS are flexible and can be either selected from libraries or written by the user and linked to the model [20].



TRNSYS has been effectively used for the simulation and testing of the air conditioning systems, for both the normal/academic buildings [21,22,23,24,25] and clean rooms [10,26,27], with a variety of technology options being tested [28,29,30,31,32]. Moreover, the inclusion of weather data (with flexibility and many options [33]) allows for the direct analysis of the effect of system’s surroundings [34,35], especially when weather conditions vary throughout the year. Pakistan’s weather is no different; however, there has only been limited research carried out on the design of clean room systems using the TRNSYS model. Asim et al. [36] developed a TRNSYS simulation for a solar cooling system for the hot temperate regions of Pakistan. An absorption-based chiller is operated using hot water from an evacuated tube collector. The TRNSYS model helped to determine the exact collector area for the system to maintain a cooling temperature of 26 °C during the summer season. Fatima et al. [37] designed a combined solar thermal water and space heating system for a commercial building in the climatic conditions of Islamabad, Pakistan. They used TRNSBuild model to design the commercial building, while the combined solar thermal and space heating system was designed in the TRNSYS environment with acceptable results. Recently, Mehmood et al. [38] presented an energetic, economic, and environmental (3E) assessment and design of a solar-powered HVAC system for Pakistani conditions. The research features the linking of Python coding with the TRNSYS model to simulate and analyze the solar powered HVAC system for an industrial manufacturing building situated in climate conditions of Lahore, Pakistan.



Although the TRNSYS-based modeling of air-conditioning systems in Pakistan has been studied enough to establish a base case, the results cannot be extrapolated for air conditioning requirements for clean rooms. Therefore, this research developed a control design and operational mechanism for an air-conditioning system to be used in clean rooms. To incorporate the effects of variations in weather throughout the year on the said air-conditioning systems, Islamabad, Pakistan (33.6844° N, 73.0479° E) was selected as the location for the said clean room. The TRNSYS environment was used to develop three air-conditioning design configurations (following the research work of [10]), which are then tested for a range of weather conditions.



Any given contained space with provisions to limit contaminated particles and control other key environmental conditions such as humidity, temperature, and pressure is described as a clean room [39,40]. Clean rooms are classified on the basis of number and size of particulate matter per volume of air. The ISO 14644-1 clean room standards are shown in Table 1 [39].



Dipti Trivedi et al. researched occupation detection systems using various communication technologies and methods of estimation. However, the modelling of occupancy information in a correct manner remained challenging because of underlying cost and hardware deployment limitations. As a result, they provided a comparative analysis of accuracy, cost, and intrusiveness [41]. Wenzhuo Li et al. presented a paper that is based on a system of multi-zone ventilation featuring the energy use and indoor air quality. The complex optimization problem was broken down into problems of simple optimization by using the distributed approach. Using TRNSYS-MATLAB, two control tests were conducted under various outdoor weather conditions [42].



Sustainable building performance integration and optimization was performed by the Elie Azar et al. using modelling based on a human focus agent. The framework of “agent based modelling (ABM)” was created in this research to develop the actions and movement of peoples in the environment by developing an urban area model. Furthermore, the consumption levels in terms of energy and key aspects of performance, such as thermal comfort (indoor/outdoor), were also calculated in this research. The optimization of operations in terms of sustainable building was also a key objective of this research [43].



The daylight balancing of office spaces by considering the indoor thermal environment was performed by Ali Ahmed et al. Multi-optimization scenarios were used in this research. The scenario of available of daylight provides an increase in temperature. The obtained results revealed optimized design parameters for the light shelf [44]. The selection of HVAC systems for residential buildings and envelope optimization was performed by the Youssef Bichiou. The features of a building design that reduces costs in terms of life cycle were also determined in this paper using building environment simulations [45]. Toke Rammer developed a methodology of building design that assists the building design optimizations during the initial stages of design process. The reason behind this was to achieve a building design that is cost effective approach with better performance. Optimal design in terms of buildings meets all the demands required by society [46].



When it comes to controlling the temperature, particulate contamination, as well as the humidity, the most optimal system to reassure manufacturers would be a clean room. Clean room control particle retention, introduction, and generation in a room and protect the product or process from human-borne or air contaminants. A clean room is directly linked to environmental parameters such as ambient temperature, relative humidity, etc. The major difference between a clean room and a controlled environment is that a clean room should be recognized by an independent agency such as the “institute of environmental earth sciences”, while a controlled environment is a working area that usually controls more than one chemical, physical, and biological variable. In discussing a clean room, the term ‘controlled’ defines certain parameters such as temperature, humidity, or air quality. This is one of the reasons for clean room being linked to the environment Clean rooms are also directly related to the building and infrastructure in such a way there are some regulatory requirements for designing a clean room. For designing and constructing the controlled environment in a clean room, the EN documents, ISO 9000, and various other standards allow for clean rooms for different types of products. Products are manufactured in a controlled environment by acquiring the standards of ISO documents and GMPS [47].



In this research, a cleanroom environment control system was designed for the climatic conditions of Islamabad, the capital of Pakistan, using TRNSYS software. Three different process configurations were examined for optimal results targeting the least amount of energy consumption [42] and CO2 emissions. The system was designed for class 1000 and class 10,000 HEPA filters with a dust spot efficiency of 99.97% of 0.3 µm particles. A volume of 185.6 m3 was selected, as compared to 162.5 m3 used by Shan and Wang [2]. Other parameters were kept same as those used by Shan and Wang [2]. The research serves as a first-of-its-kind study for the city of Islamabad, which uniquely represents a mixed temperate and humid sub-tropical climate. It has four different seasons, with June being the warmest (39 °C as average) and January being the coldest (19 °C). The humidity changes throughout the year, with the most humid month being July, where humidity remains above 65%.



Although clean rooms have been designed in the literature, the problem is such that these systems consume a high amount of energy, so the economic cost of these systems is also high. These designed systems do not have sufficient control over parameters, and there is also the issue of carbon emissions being released into the environment. The novelty of this research includes the control of different parameters such as the temperature, relative humidity, particle concentration, and CO2 emissions and the designing of a control room. This research deals with the control of each parameter along in an energy-efficient system. The designed clean room in this research is energy efficient and involves a small economic cost. The clean room designed in this research has no adverse effects on the environment, such as CO2 emissions released into the environment. All of these factors are monitored and controlled in this research, which fills a gap in the literature. The next sections explains the design of the tested process configurations and their outcomes.



Table 1 presents the federal standards for designing a clean room at different particle sizes. The ISO 3 and ISO 4 standards (Class 1000 and 10000) were used in this research for designing the clean room. This is because this designed clean room aspect lies in between these federal standards (Class 1000 and 1000).




2. Materials and Methods: Design of the Process Configurations in TRNSYS Environment


An analysis of different configurations of a clean room system design for the purpose of an optimal utilization approach was performed. A clean room of a volume of 185.6 m3 was designed, and the air change per hour was 20. The minimum outdoor flow rate of air was 150 L/s. A heat ratio of 0.98 was fixed. The weather of Islamabad was considered for the simulations, with the data taken from the NREL database. Ambient and clean room temperatures and relative humidities for the were plotted for comparison (see Table 2). The set point for the room temperature was taken as 23 °C and the RH was taken as 40%. These configurations were termed as option A, option B, and option C. The performance of these three air conditioning systems was compared for different weather and load conditions. The analysis was conducted based on moist air properties and the air handling process [2]. All configurations were modeled and simulated in TRNSYS 16, while TRNBuild was used for designing the clean room.



2.1. Clean Room Components and Model Assumptions


The model was integrated to simulate the air handling process and the thermodynamics of the clean room air such as its temperature, relative humidity, and static pressure. The list of components used in the TRNSYS are as follows:




	
Type 109—Weather file to test the model under Islamabad’s weather conditions. The data was taken from National Renewable Energy Laboratory (NREL).



	
Type 112b—Fans used to blow in the air in the clean room. Single speed fans were used in the simulation.



	
Type 92—Cooling units used to ensure that the desired temperature and relative humidity (%) was maintained in the clean room.



	
Type 121b—Heating units used to ensure that the desired temperature and relative humidity (%) was maintained in the clean room.



	
Type 56b—Structure designed to simulate the clean room itself. This component was designed separately in TRNBuild and later integrated into the TRNSYS models. The room’s dimensions, volume, occupancy, and heating and cooling loads, and the building materials used were kept the same throughout this research.



	
Type 11c—Flow mixer used to mix two different air streams to be fed into other components.



	
Type 11e—Flow diverter used to separate a single stream to be fed into two different components.








The model assumptions include:




	
The simulated clean room had no direct sunlight on it.








In air conditioning design, it is always a priority that the air conditioning load should be low. If directly exposed to sunlight, then the load will definitely increase and the energy waste will also increase. This is the reason behind the assumption that the simulated clean room had no direct sunlight on it.



	
The room was airtight






Clean rooms have a special area that can include electronic applications or medical applications, and in medical applications there can be a high amount of infection or dust particles. If the room is not airtight from indoors and outdoors, then this may affect the quality of the micro processing of a chip. The purpose behind the room being airtight is that the indoor and outdoor environments become totally separate from each other.



	
Only two people were working in the clean room at a time.






Only two people should be working in a clean room at a time, i.e., only two people can be working during operational activity. For a standard clean room working environment, it is necessary to limit the occupants to two people. This limit of two occupants is only for the clean room designed in this research, not other standard clean rooms.



	
The schedule for the clean room was set from 9 am to 5 pm for five working days a week.






Clean room classes define a schedule for the operation of a clean room. The reason behind the above selected schedule time was optimization and minimum energy consumption.




2.2. TRNBuild Model


The TRNSYS model simulates the performance of the entire energy system by breaking it into individual components and is primarily used for analyzing single projects, renewable energy engineering, and building simulations. TRNSYS is the best software for building models and simulations, while other software programs such as ANSYS software are good for solving problems related to heat transfer, fluid problems, and static/dynamic structural analysis. This is the reason behind us using the TRNSYS software.



The type 56b was first modelled in TRNBuild to ensure the accurate architecture of the clean room. The following considerations were taken into account in the program: the height of the room was taken as 8 ft; the thickness of the walls was maintained at 80 mm; the walls were each 20 ft in length had three layers (a 2 mm stainless steel layer on both sides and a 76 mm polyurethane layer as an insulating material); the floor and roof were both taken from the TRNBuild built-in library; the roof had a thickness 141 mm and was composed of plaster board, fiberglass, and roof deck; the floor, of 80 mm, was a concrete slab; and the comfort factor was kept as standard for a normal laboratory. The reason for choosing these parameter values is that in the literature, the selected parameter values do not result in either sufficient control or inadequate control of air conditioning systems. Moreover, the control configurations A, B, and C discussed below have sufficient control over the system, so this is the reason behind us choosing these configurations and not selecting other configurations. In these three control configurations A, B, and C, control configuration B is best because it is energy efficient and involves fewer CO2 emissions.




2.3. Control Configuration A (Option A)


The arrangement of option A is shown in Figure 1, and an explanation of the control process in terms of air handling is depicted on a psychometric chart shown in Figure 2. The psychometric chart represents the thermal as well as physical properties of moist air in the form of a graph. Psychometric charts are beneficial tools in the troubleshooting of problems related to environmental building or greenhouse problems. The concepts of environmental control can easily examined by understanding a psychometric chart. In this research, the problem is related to a building’s/clean room’s energy; thus, a psychometric chart is the ideal tool to monitor and troubleshoot this building-related problem. The system consists of a primary air handling unit (PAHU) and one or more air handling units (AHUs). The outside air enters the primary air handling unit (PAHU) and cools the outside air to its dew point, e.g., 15 °C. This process is shown as O-A1 on the psychometric chart. After this process, the cooled air is mixed with clean room-recirculating air in specifically defined ratios. In this research, the makeup air and recirculation air ratio was maintained at 7/93. This mixed air is further cooled with the help of a cooling coil for the purpose of dehumidification. The mixing, cooling, and dehumidification process are shown on the psychometric chart and are defined as (A1-M’), (I-M’), and (M’-A2). When cooling for dehumidification, sometimes there is a need to heat the air to reach the set point of supply air temperature. This process is shown as (A2-S’) on Figure 2. If different clean rooms have different set point temperatures to handle such a situation, then there is the need to further reheat the air to maintain the individual clean room temperature set points. The entire control mechanism for option A is controlled by a proportional–integral–derivative (PID) controller. The fan speed, air damper, and the opening of cooling and heating coils are regulated by a PID controller. This controls the pressure, temperature, and relative humidity settings of a clean room optimally.




2.4. Control Configuration B (Option B)


The arrangement of option B is shown in Figure 3, and an explanation of the control process for handling air is shown on the psychometric chart in Figure 4. It should be noted that the arrangement of control configuration B is similar to option A except that it does not have a heating coil in the air handling unit. In control configuration B, dry outside air is used for the dehumidification of inside humid air. The humidity ratio of the outside air is high compared to the inside air. The outside temperature set point in the primary air handling unit (PAHU) is set low so that the air in the clean room can be dehumidified effectively by the primary air handling unit (PAHU). In other words, the air is dehumidified by the supply of dry air from outside without any cooling in the primary air handling unit. The flow rate of air from outside is adjusted according to the need to control the relative humidity in the clean room. The control arrangement of option B is also carried out with proportional–integral–derivative (PID) controllers. The pressure temperature and humidity control settings are regulated via the fan speed, air damper, and the opening of cooling and heating coils by the PID controller.




2.5. Control Configuration C (Option C)


The arrangement of control configuration C is shown in Figure 5, and the control process for handling air is shown on the psychometric chart in Figure 6. In option C, the air handling unit consists of two parallel coils used for cooling. The air handling process of option C is complex when compared to other two options. In this system, the primary air handling unit (PAHU) cools the outside air to a pre-defined temperature for dehumidification purposes. The cooled air from the primary air handling unit (PAHU) is mixed with clean room recirculation air with a pre-defined ratio and goes into the two cooling coils, which are parallel to each other, before the stream is mixed again. In the air handling unit (AHU), one cooling coil is used as a wet coil for dehumidification purposes and a second coil is used for temperature control purposes. Option C has an advantage of improved humidity control when compared to other two options.





3. Results and Discussion


3.1. Control Configuration A (Option A)


The model was simulated for 24-h (one day), 720-h (one month), and 8760-h (one year) time steps. The layout used is shown in Figure 7. Figure 8 shows a 1st January simulation that was run for option A. The red line shows the ambient temperature as it changes throughout a day. The blue line remains constant at 23 °C, which was the set point temperature of the room. The relative humidity (RH) for the atmosphere, shown in purple, also changed during the day, and the relative humidity (RH) for inside the room, shown in yellow, stays at around 36% inside the room, which is just below the set point RH (40%).



Figure 9 shows the results of a simulation run for the month of January for option A. The red line represents the ambient temperature, which varied throughout the month. It may be noted that the ambient temperature varied between 1 °C and 22 °C, whereas the blue line stays at 23 °C, which was the set point temperature for the clean room. Similarly, the purple line indicates the ambient relative humidity (RH), which varied between 25% and 100% throughout the month, whereas the yellow line, which represents the clean room relative humidity (RH), remains constant at 36%, which is a little below the set point but within an acceptable limit. This data shows that the month of January is the coldest month.



Figure 10 shows the results for a 1st June simulation run for control configuration A. The reason behind selecting 1st June for analysis is that it is the hottest day of the year and includes the maximum heating load of the year. The red line, which represents the ambient temperature, is varied throughout the day, and the blue line remains at 23 °C, which was the set point temperature for the clean room. Similarly, the ambient relative humidity (RH), shown by the purple line, varied between 25% and 60% throughout the day, and the yellow line, which represents the clean room relative humidity (RH), remains at 36%, which is little below the set point but within acceptable limits.



Figure 11 shows the results of a simulation run for the month of June for control configuration A. The ambient temperature in the month of June varied between 24 °C and 44 °C, and the clean room set point temperature was maintained at exactly 23 °C. Similarly, the ambient relative humidity (RH) fluctuated between 18% and 95% throughout the month, whereas the clean room relative humidity remained at 36%, which is again below 40%, which was the set point for relative humidity (RH).



Figure 12 shows the results of a simulation run one complete year for control configuration A, which shows that the extreme days in terms of cooling and heating in the context of Islamabad weather lies between January and June. In other words, the most extreme month regarding ambient weather conditions is important when designing a clean room because it defines the maximum capacity of the system. The results of the whole year simulation run for control configuration A show that the ambient weather conditions of temperature and relative humidity (RH) varied throughout the year. On the other hand, the clean room temperature was maintained at exactly 23 °C, which is the required set point temperature, and the clean room relative humidity was maintained at 36%, below 40%, which was the set point for clean room relative humidity. The temperature of 23 °C and relativity humidity of 36% merge so that only one yellow line is displayed in the figure below (Figure 12).




3.2. Control Configuration B (Option B)


The model was simulated for 24-h (one day), 720-h (one month), and 8760-h (one year) time steps. The layout used is shown in Figure 13. Figure 14 shows the results of a 1st January simulation run for control configuration B. The line in red represents the ambient temperature as it changes throughout a day. The blue line remains constant at 23 °C, which was the set point temperature of the room. The relative humidity (RH) for the atmosphere, shown in purple, also changed during the day; however, the yellow line, which represents the clean room relative humidity (RH), was maintained at 40%, which was the set point.



Figure 15 shows results of a 1st June simulation run for control configuration B. The red line, which represents the ambient temperature, is varied throughout the day, and the blue line remains at 23 °C, which was the set point temperature for the clean room. Similarly, the ambient relative humidity (RH), represented by the purple line, varied between 25% and 60% throughout the day, and the yellow line, which represents the clean room relative humidity (RH), remains at 40%, which is equal to the set point.



Figure 16 shows the results of a January simulation run for control configuration B. The red line, which represents the ambient temperature, is varied throughout the month because the ambient temperature range for the month of January is between 1 °C and 22 °C. The clean room temperature, on the other hand, was maintained at 23 °C, which was the set point temperature. Similarly, the purple line, which represents the ambient relative humidity (RH), varies between 25% and 100% throughout the month, whereas the yellow line, which represents the clean room relative humidity (RH), remains constant at 40%, which was the set point for the clean room.



Figure 17 shows the results of a June simulation run for control configuration B. The red line, which represents the ambient temperature, is varied throughout the day, and the blue line remains at 23 °C, which was the set point temperature for the clean room. Similarly, the ambient relative humidity (RH), represented by the purple line, varied between 25% and 60% throughout the day, and the yellow line, which represents the clean room relative humidity (RH), remains constant at 40%, which was the set point for the clean room.



Figure 18 shows the results of a simulation run for one complete year for control configuration B, which shows that the extreme days in terms of cooling and heating in the context of Islamabad weather lie between January and June. In other words, the most extreme month in terms of ambient weather conditions is important when designing a clean room because its defines the maximum capacity of the system. The results of the whole year simulation run for control configuration B show that the ambient weather conditions in terms of temperature and relative humidity (RH) varied throughout year. The clean room temperature, on the other hand, was maintain at exactly 23 °C, which is the required set point temperature, and the clean room relative humidity was maintain at 40%, which was the set point for the clean room relative humidity. The temperature of 23 °C and relativity humidity of 36% merge so that only one yellow line of yellow is displayed in the figure below (Figure 18).




3.3. Control Configuration C (Option C)


The layout of the configuration C simulations is shown in Figure 19, and the time steps was kept same as for configurations A and B. Figure 20 shows the simulation run on 1st January for control configuration C. The line in red represetns the ambient temperature as it changes through a day, and the blue line remains constant at 23 °C, which was the set point temperature of the room. The relative humidity (RH) for the atmosphere, shown in purple, also changed during the day, and the room relative humidity (RH), shown in yellow, was maintained at the set point, which is 40% in this model.



Figure 21 shows the results of the month of January simulation run for control configuration C. The red line, which represents the ambient temperature, varies throughout month, and the clean room temperature was maintained at 23 °C, which was the set point for the clean room. Similarly, the purple line, which represents, the ambient relative humidity, varies throughout the whole month, and the clean room relative humidity (RH), represented by the yellow line, was maintained at 40%, which was the set point for relative humidity.



Figure 22 shows the results of a 1st June simulation run for control configuration C, in which the red line, which represents the ambient temperature, varies throughout the day and the blue line remains at 23 °C, which was the set point temperature for the clean room. Similarly, the ambient relative humidity (RH), represented by the purple line, varied between 25% and 60% throughout the day, and the yellow line, which represents the clean room relative humidity (RH), remains at 40%, which is equal to the set point.



Figure 23 shows the results of a June month simulation run for control configuration C. It may be noted that the ambient temperature and relative humidity fluctuated throughout the month and the clean room temperature and relative humidity (RH) were maintain at 23 °C and 40%, respectively, which are the required set points for the clean room.



Figure 24 shows the results of a one year simulation run for control configuration C, which shows that the extreme days in terms of cooling and heating season in the context of Islamabad weather lie between January and June. In other words, the most extreme month regarding ambient weather conditions is important when designing a clean room because its defines the maximum capacity of the system. The results of the whole year simulation run for control configuration C show that the ambient weather conditions in terms of temperature and relative humidity (RH) varied throughout the year. The clean room temperature, on the other hand, was maintained at exactly 23 °C, which is the required set point temperature, and the clean room relative humidity was maintained at 40%, which was the set point for the clean room relative humidity. The temperature of 23 °C and relativity humidity of 36% merge so that only one yellow line is displayed in the figure below (Figure 24).




3.4. Comparison of Temperature among Three Control Configurations


The temperatures for all three configurations were plotted for the months of January and June. All the configurations successfully managed to maintain the set point temperature of 23 °C, even as the temperature throughout the month varied. Figure 25 and Figure 26 show a comparison of the temperatures for all three control configurations for the months of June and January, respectively.




3.5. Comparison of Relative Humidity (RH) among Three Control Configurations


The relative humidity (RHs) for all three configurations was also plotted for a period of one month with a set point for RH at 40%. Figure 27 and Figure 28 show the relative humidity (RH) comparison for all control configurations for the months of January and June. Option A managed to maintain the RH at around 36%. Option B managed to maintain the RH at around 40%. Option C managed to maintain the RH at around 40%




3.6. Cooling and Heating Loads for All Three Configurations


As the number of components vary in the simulation, the heating and cooling loads vary with it. In TRNSYS, the heating and cooling loads were set at a standard value of 1000 kJ/h. Option A and C both had a total load of 4000 kJ/h. Option B was the most energy efficient in terms of this, as its total load was 3000 kJ/h. Figure 29 and Figure 30 show a comparison of the cooling and heating loads of all three control configurations, and Figure 31 shows a comparison of the overall loads of all three control configurations.




3.7. Energy Savings for All Three Configurations


Out of all the three configurations, option B was the more energy efficient. Option B’s annual energy consumption was 7300/kWh, which is 25% less energy when compared to the energy consumption of options A and C at 9733.3/kWh. This is because option B uses the minimum number of components to achieve the set point temperature and RH%. Figure 32 provides a comparison of the overall energy consumptions of all three control configurations.




3.8. GHG Mitigation for All Three Configurations


Standard data was taken from EPA for the calculation of CO2 emissions. The energy loads were taken for a year for each of the configurations. Table 3 shows the annual energy consumption in (kWh) and CO2 emissions in Tons. It can be seen in Figure 33 that option B causes the least amount of CO2 to be released when compared to options A and C. Figure 34 shows that by using control configuration B, there were 3.55 tons of CO2 emissions, which is 25% less than options A and C at includes 4.73 tons of CO2 emissions. The CO2 emissions were calculated by using the formula described below.


x kWh × 998.4 lbs. CO2/MWh generated × 1/(1 − 0.069) MWh delivered/MWh generated × 1 MWh/100










kWh × 1 metric ton/2204.6 lb.













4. Conclusions


A control system for a clean room environment was designed and evaluated for optimal performance for the climatic conditions of Islamabad, Pakistan. Three process control configurations were developed and designated as A, B and C. A process temperature of 23 °C, relative humidity of 40%, and an acceptable particle limit of less than 0.3 μm were selected as conditions to be met for a room volume of 185.6 m3. All three of the control configurations (A, B, and C) successfully managed to maintain the set-point temperature. Control configurations B and C achieved the relative humidity at 40% successfully; however, the control configuration A only achieved a relative humidity of 36%, which is within acceptable limits (~10%). Control configuration B resulted the most energy savings, as it consumed 25% less energy than control configurations A and C. Configuration B is also most environment friendly, as it emitted 25% fewer CO2 emissions compared to the other two. Hence, the simulation indicates that control configuration B is the most energy and environmentally friendly configuration for a control system for a clean room environment for the climatic conditions of Islamabad, Pakistan.



The next research step in this area would be to include digital twin optimization based on data-driven methods, as adapted in other energy systems [48,49,50,51].
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Figure 1. Layout for option A. 
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Figure 2. Psychometric chart for option A. 
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Figure 3. Layout for option B. 
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Figure 4. Psychometric chart for option B. 
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Figure 5. Layout for option C. 
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Figure 6. Psychometric chart for option C. 
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Figure 7. TRNSYS layout for option A. 
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Figure 8. 1st January simulation run for option A. 
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Figure 9. January simulation run for option A. 
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Figure 10. 1st June simulation run for configuration A. 
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Figure 11. June simulation run for configuration A. 
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Figure 12. One year simulation run for option A. 
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Figure 13. TRNSYS layout for option B. 
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Figure 14. 1st January simulation run for option B. 
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Figure 15. 1st June simulation run for option B. 
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Figure 16. January simulation run for Option B. 
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Figure 17. June simulation run for option B. 
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Figure 18. One year simulation run for Option B. 
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Figure 19. TRNSYS layout for option C. 
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Figure 20. 1st January simulation run for option C. 
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Figure 21. January month simulation run for option C. 
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Figure 22. June 1st simulation run for option C. 
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Figure 23. June simulation run for option C. 
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Figure 24. One year simulation run for option C. 
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Figure 25. Temperature comparison for the month of June. Note: All the options, A, B and C, have a same set point temperature of 23 °C, so that is why all the lines are merged and displayed as a single yellow line. 
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Figure 26. Temperature comparison for the month of January. Note: All the options, A, B and C, have a same set point temperature of 23 °C, so that is why all the lines are merged and displayed a single yellow line. 
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Figure 27. RH% comparison for the month of January. Note: option B and option C had the same relative humidity, with a value of 40%. The results for option B and option C are merged and displayed a single yellow line. 
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Figure 28. RH Comparison for the month of June. Note: option B and option C had the same relative humidity, with a value of 40.5%. The results for option B and option C are merged and displayed a single yellow line. 
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Figure 29. Cooling load comparison. 
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Figure 30. Heating load comparison. 
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Figure 31. Overall load comparison. 
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Figure 32. Comparison of energy consumption. 
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Figure 33. Comparison of CO2 emissions. 
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Figure 34. Percentage of CO2 emissions released. 
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Table 1. ISO 14644-1 cleanroom standards [39].
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Class

	
Maximum Particles/μm.m−3

	
FED STD 209E

Equivalent




	
≥0.1

	
≥0.2

	
≥0.3

	
≥0.5

	
≥1

	
≥5






	
ISO 1

	
10

	
2

	
-

	
-

	
-

	
-

	
-




	
ISO 2

	
100

	
24

	
10

	
4

	
-

	
-

	
-




	
ISO 3

	
1000

	
237

	
102

	
35

	
8

	
-

	
Class 1




	
ISO 4

	
10,000

	
2.370

	
1020

	
352

	
83

	
-

	
Class 10




	
ISO 5

	
100,000

	
23,700

	
10,200

	
3520

	
832

	
29

	
Class 100




	
ISO 6

	
1,000,000

	
237,000

	
102,000

	
35,200

	
8320

	
293

	
Class 1000




	
ISO 7

	
-

	
-

	
-

	
352,000

	
83,200

	
2930

	
Class 10,000




	
ISO 8

	
-

	
-

	
-

	
3,520,000

	
832,000

	
29,300

	
Class 1,000,000




	
ISO 9

	
-

	
-

	
-

	
35,200,000

	
8,320,000

	
293,000

	
Room Air
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Table 2. Clean room construction details and the climate conditions of Islamabad.
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Component

	
U Value (W/m2.K)

	
Location

	
Temperature (°F)






	
Wall

	
0.30

	
Islamabad

	
Avg

	
Jan

	
Feb

	
Mar

	
Apr

	
May

	
June

	
July

	
Aug

	
Sep

	
Oct

	
Nov

	
Dec




	
Roof

	
0.18

	
High

	
62

	
66

	
75

	
85

	
95

	
99

	
95

	
92

	
91

	
85

	
75

	
66




	
Fenestration

	
1.60

	
Temp

	
50

	
54

	
63

	
73

	
83

	
88

	
86

	
83

	
80

	
71

	
60

	
52




	
Low

	
39

	
44

	
52

	
61

	
70

	
75

	
77

	
75

	
70

	
59

	
48

	
40




	
Door

	
1.8

	
Humidity (%)




	

	
Mon

	
Jan

	
Feb

	
Mar

	
Apr

	
May

	
June

	
July

	
Aug

	
Sep

	
Oct

	
Nov

	
Dec




	
-

	
66

	
63

	
57

	
49

	
40

	
45

	
66

	
73

	
66

	
58

	
61

	
65




	
Average Precipitation




	
Mon

	
Jan
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Table 3. Annual energy consumption and CO2 emissions for three tested configurations.






Table 3. Annual energy consumption and CO2 emissions for three tested configurations.





	Configuration
	Annual Energy Consumption/kWh
	Annual CO2 Emissions/Tons





	A
	9733.3
	4.73



	B
	7300
	3.55



	C
	9733.3
	4.73
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