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ABSTRACT 
This paper describes the outcomes a research project that investigate the improvement in the COP of an enhanced booster R744 refrigeration system that provided MT cooling for chilled food cabinets and LT cooling for cold room/frozen food cabinets by recovering the heat rejected and using it more for other building services applications in the supermarket. For instance, the heat reclaimed can be used for heating, HWS or to drive absorption chillers, either in whole or in part. To demonstrate the potential of the heat reclaimed within the supermarket and its impact on the store’s CO2e emissions, a feasibility study has been performed to examine the innovative system compared to of the existing conventional system which will cover the cooling demands of an existing supermarket. In order to achieve this, the data collected by a smart energy monitoring system will be used to examine the working of the novel system when covering the cooling demands of the store. The energy consumption of the novel system will be analyzed according to thermodynamic theory. Using an Excel model, the potential heat reclaimed will be mathematically investigated for best practice applications of heat recovery. The energy saved and CO2e emission reduction achieved in apply the novel system will be determined and analysed.
Keywords: R744, Supermarket, Modeling, Heat Recovery, Emission reduction, Energy Saving.
1. INTRODUCTION 
In recent years, natural refrigerants have been proposed as an environmentally friendly solution for the refrigeration industry due to the unavoidable future phase-out of HFCs. These refrigerants do not contribute to ozone depletion and have low global warming potentials. These refrigerants include ammonia, hydrocarbons and carbon dioxide. Carbon dioxide (R744) offers a long term solution suitable for many applications in refrigeration and heating, from domestic applications using heat pumps to industrial and commercial applications. Carbon dioxide offers significant advantages as a refrigerant since it is non-toxic, non-flammable, environmentally benign (ODP=0 and GWP=1), has high refrigeration volumetric capacity and has high heat transfer coefficients [Pearson, 2014]. However, there are technical challenges to its application associated with its low triple and critical points, and high operating pressure [Pearson, 2014]. 

When operating transcritically, the discharge gas after compression can reach very high temperature and this is a useful source of heat. This source of heat is valuable as the heat can be reclaimed for heating, hot water services or as the heat source for absorption or adsorption chillers. The concept of reclaiming discharge heat from a CO2 heat pump has been reported by Mancini [2011] for hot water services (HWS) and by Hienz and Rieberer for heating [2008]. A CO2 system with combined heating and hot water was reported by Stene [2005], who reported that this solution is more economical than the rejection of useful heat to ambient air using gas coolers. In commercial refrigeration, Girotto et al. [2004] researched on a combined refrigeration and water heating system used in supermarkets; The reclaimed heat from the refrigeration system was utilised for space heating and domestic hot water and a 37% reduction in overall energy consumption could be achieved compared to a R22 system without heat recovery [Girotto, 2004]. According to the approach of Adriansyash et al. [2006], the system COP can be increased significantly by including the heat recovered for the HWS; the heat was reclaimed from the compressor discharge, reducing the gas temperature from 90°C to 70°C and the remaining heat was rejected by the gas cooler. This system incorporated a suction/ liquid heat exchanger that increases the superheat of the gas at the evaporator outlet and with it the discharge temperature.  The cooling COP of this system was 2.5 but the total COP which includes the heat reclaimed for the HWS was 4.2 at 35 bar suction and 88 bar discharge pressures. The research paper of Tambovtsev et al. [2011] provides experimental data collection of a standard CO2 heat recovery system without suction/ liquid heat exchanger. The overall COP of this system varies between 5 and 8.5 with an average high pressure of 75 bar. The overall COP defined by Adriansyash et al. [2006] and Tambovtsev et al. [2011] has been calculated as the following: COPT= (Σ cooling capacities + Σ heat recoveries)/Σ electrical power input of compressors. This overall COP provides a simplified and convenient metric however; it does not differentiate between a system with an inefficient low stage but efficient high stage versus one which is more evenly matched.  It also gives equal weighting to low temperature (LT) load and medium temperature (MT) load although the LT load requires more work per kW of heat.   The complexity of the system is therefore masked by this approach: the actual COP value is heavily dependent on the mix of LT and MT so comparison between systems (which is the whole point of calculating a COP) is only valid if the ratio of LT to MT load is the same for both systems. Furthermore, some argue that it is not valid to add cooling effect and heat recovery together in the numerator, since the same heat is being counted twice. Reinholdt and Madsen [2010] used the same equation to calculate the overall COP of a booster transcritical CO2 refrigeration system with heat recovery; The study was a feasibility investigation into the heat recovery possibilities of CO2 refrigeration in supermarket. The system is similar to the combined MT and LT booster transcritical system described in this paper although the heat reclaim heat exchangers is not consider in the LT stage as well as those placed before the gas cooler. The heat reclaimed is used for air-conditioning via an absorption chiller, hot water services and underfloor heating depending of the grade of the heat. It is proposed an optimum high discharge pressure of 95 bar and TGC,out of 30°C, the heat recovery is delivered for hot water (15°C to 75°C) and achieved a COP and COPT respectively of 1.9 and 4.6. However, if all the heat from the gas cooler had been used then a further significant improvement in the COP is possible. Abdi et al. [2014] investigated the heat reclaim from a transcritical CO2 booster refrigeration unit in a supermarket in Sweden and specifically studied the control strategy for heat recovery. This system recovered discharge heat for the space underfloor heating (30 to 35 °C range of temperature) and the COPT with heat recovery was reported to vary from 3.5 to 5 depending of the ambient temperature. The review paper of Sawalha [2013] provides different CO2 heat recovery solutions for supermarket applications combined with heat pumps, HVAC systems or just for de-superheating. Whereas, as described in the Karampour’s paper [2015] on supermarket refrigeration, a main focus of the research has been on CO2 transcritical booster systems, as the emerging solution in the Swedish market, where its performance has been compared favorably with the conventional HFC solutions. The heat recovered is used for heating application with variation of COP of 3.5 to 5 depending of the discharge pressure and cooling demands. Similar figures of COP including heat recovery have been reported in other papers of Colombo et al. [2012] and Fidorra et al. [2015]. Hafner [2015] recently presented an overview of the development opportunities over the next few years to further increase the market share of CO2 refrigeration and heat pump systems. Innovations highlighted included the utilisation of the heat recovery at high discharge temperatures of transcritical applications. This paper builds upon some of the suggestions made by Hafner and specifically describes experimental and simulation investigations for a CO2 system with heat recovery. The paper describes the development of a model and the construction and testing of an experimental apparatus. Advantages and savings compared to conventional HFC system are described.
2. DEVELOPMENT OF A R744 REFRIGERATION SYSTEM WITH HEAT RECOVERY
A steady state model was developed using the Engineering Equation Solver (EES) software which has been developed in-built R744 properties and classical heat and mass balances listed in the reviewed Colombo et al. paper [2012]. The overall objective of this research was to investigate the improvement in COP of a transcritical R744 system, by recovering much of the heat normally rejected to the ambient and to use it efficiently for other building services applications within supermarkets. The system developed is a R744 enhanced booster transcritical system which provides LT cooling for cold room/frozen food cabinets and MT cooling for chilled food cabinets. This system is enhanced because it is composed of suction liquid heat exchangers that increase the compressor discharge temperature and consequently provides higher potential for heat reclaim.

The conceptual design of the novel system detailed is described as follows: After being expanded, the receiver separates the mixture of liquid/gas at a pressure of 35 bar. The liquid accumulates and is distributed to the LT and MT stages. At the MT stage after expansion, the liquid enters the 4.5 kW MT evaporator at a pressure of 26 bar. The saturated vapour is superheated by 20K via a suction/liquid heat exchanger. At the LT stage, the liquid is sub-cooled and throttled by an expansion valve before entering the 5 kW LT evaporator coil at 14 bar. After evaporation, the gas is superheated by 20K by another suction/liquid heat exchanger to ensure complete evaporation as well as increasing the refrigeration effect.  The LT superheated gas is compressed sub-critically to the medium pressure where it is mixed with the gas from the MT evaporator at same pressure. This mixture is then further mixed with by-pass gas from the receiver, superheated by 9K suction/liquid heat exchanger and then compressed to a discharge pressure of 80 bar by the MT transcritical compressor. The discharge gas can reach high temperatures according to the discharge pressure.  The gas is cooled through two heat exchangers HX1and HX2 that reclaim the heat rejected. The cooled gas exits the second heat exchanger at 30°C and returns to the receiver after being throttled.
3. INVESTIGATION OF POTENTIAL APPLICATIONS OF THE HEAT RECLAIMED

In order to demonstrate the energy consumption and CO2e reduction using the proposed system, a 5,600 m2 retail food store has been simulated as a base store and its energy consumption has been monitored using a smart energy monitoring system. This is the same supermarket located in Wales previously described by Colombo et al. [2012]. This tool provides automatic meter readings and data collection of mains and sub-metered electricity and gas and provides half hourly, weekly and monthly energy readings. The sub-meters can provide detailed data for systems such as bakery, chicken rotisserie, lighting, refrigeration, air handling plant and petrol services of the supermarket. Table 1 shows the annual sub-metered energy consumption of the supermarket. The total annual electricity consumption of the store is 3.71 GWh and the gas consumption is 1.02 GWh. The food refrigeration systems (i.e refrigeration LT and MT packs, fan & electronics and service shop services) represent 34% of the total electricity use by the store. The store used conventional R404A HFC refrigeration packs to provide MT cooling to chilled cabinets and LT cooling to frozen cabinets. The monthly average power input to the MT and LT refrigeration packs was established by the monitoring tool and assuming COPs of 2.00 for the MT and 1.00 for the LT packs, the calculated average cooling capacities obtained are 111 kW and 28 kW respectively.
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Table 1: Store energy consumption

Based upon a 5,600 m2 footprint, the performance indicators for this store are 657 kWh/(m2.year)  for electricity and 180 kWh/(m2.year) for gas. The total annual CO2e emission of the store is 3,025,348 kg/yr of CO2e, equivalent to 536 kgCO2e/(m2.year) (using carbon factors of 0.544 and 0.184 kgCO2e/kWh respectively for electricity and gas). Also a refrigerant leakage rate of 252 kg/yr from the F-gas logs of the installations. Therefore 73% of the store’s total global warming impact is from energy use to run the store and 27% is due to refrigerant leakage.

The EES model developed described Colombo et al. [2012]. enables to calculate the heat outputs HE1 and HE2 from the QMT and QLT loads respectively of 111 kW and 28 kW at different the discharge pressure. Figure 2 shows with the variation of the COPT and COP for different discharge pressures (PHT) from 75 to 120 bar.  
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Figure 1: COPT, COP, HE1 and HE2 vs discharge pressures

3.1 Potential application
Figure 2 shows a suggested application of the heat reclaimed from the CO2 system using two heat exchangers (HX1 and HX2). HE1 is the heat reclaimed by HX1 from the high discharge temperature to 90°C of the CO2 system. HX2 recovers the heat rejection of the system from 90°C to 30°C. As illustrated in Figure 5. HE1a and HE1b are the heat reclaimed from HE1 by other heat exchangers. In the analysis of the system, the following assumptions about the destination of heat reclaimed have been made:

· The heat reclaimed HE1a can provide a heat source (Q1) for an absorption chiller to provide cooling for the store, in summer period. When the air-conditioning is not required, Q2 can be used for export to district heating. During winter additional heating demand will be available and an assessment of relative values will be made for prioritisation.
· The heat reclaimed HE1b can provide heat for the domestic hot water services (Q3) in the store. 
· HE2 heat reclaimed can provide heat (Q4) for the underfloor heating system in the store according to seasonal demand.
· Any heat not utilised is rejected to atmosphere, although could be used offsite.

In order to satisfy the demand of the arrangement of Figure 2, this innovative system will need to be supported by an intelligent control system able to alternate with the conventional backup systems when required.
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Figure 2: Schematic diagram of potential heat recovery systems
3.2 Excel model of supermarket with system

The conceptual system equations described in Colombo et al. [2012]. has been modeled in Excel against the hourly energy demand of the store to enable the hourly heat reclaimed by heat exchangers HE1 and HE2 to be investigated for the provision of absorption chilling, hot water services and underfloor heating systems for the store as described in Figure 2. This excel dynamic model so called performs the calculations with instantaneous performance parameters with hourly thermal loads and consumptions and integrating all along the year.The results from this analysis using energy balances over the individual components are described below:

· The heat reclaimed (Q1) can provide an average of 21 kW of heat power in summer and save 15,259 kWh of electricity, compared with air-conditioning provided by a vapour compression system.
· The heat reclaimed (Q2) can provide an average of 22 kW of heat power and can provide 145,213 kWh of heat for district heating for export during winter.
· The heat reclaimed (Q3) can provide an average of 18 kW of heat for domestic hot water services which can save 158,631 kWh of the hot water demand.
· The heat reclaimed (Q4) can provide up to 118 kW of heat output for underfloor heating of the store in winter. This would save 620,353 kWh per year which is currently provided by gas burners within the AHU.

Table 2 summarises these energy consumptions, running costs, direct/indirect emission and CO2e emissions per unit floor area of the store with the novel R744 system. The PI is 638 kWh/m2 for electricity and 59 kWh/m2 for gas. The annual running cost of the store is 54 £/m2/yr, using for electricity and gas 0.08 £/kWh and 0.03 £/kWh respectively. As before, the total CO2e emission of the store was calculated using the CO2e conversion factors; 0.554 CO2e/kWh and 0.184 CO2e/kWh respectively for electricity and gas and the total annual CO2e emission of the store was 1,987,010 kg of CO2e, equivalent to 352 kgCO2e/m2 (including the offset of emission from the district heating). Assuming the same leakage of 252 kg/year for the carbon dioxide system, the direct emission represents 0% of the store CO2e emission compared to 102% of the indirect emission from energy used (2% gained from the space heating export).
[image: image4.png]Primary energy Electricty Gas
Consumption i 3601667 330733
& KWh/m® 638 59
288133 26459
Total annual cost £ e
[Total cost per floor area 56
1969302 60855
indirect COz. emissions TG
33399
252
1987010
[Annual C O emissions per floor area 352
Direct emissions 0%
indirect emissions 102%





Table 2: Summary of reviewed energy consumption and CO2e emission of the store

3.3 Discussion
Table 3 compares the different energy users in the store with R404a systems with the novel R744 system. There are potential savings of 56% in electricity consumption by using the refrigeration systems to provide air-conditioning, 61% in gas consumption for the heating system by providing low temperature underfloor heating and 94% for hot water services. The R744 system is also slightly more efficient than the R404A system installed and has saved 13% of the refrigeration electricity consumption. In total, 3% of the total store electricity has been saved because of the HVAC and the food refrigeration. The most significant saving is the total gas consumption that has been reduced by 59%. In CO2e terms, the emissions has fallen from 3.03 kTCO2e to 1.99 kTCO2e, the total store CO2e saving being 34%. This includes the offset of the CO2e obtained by providing heating (Q4) to the district surrounding the store.
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Table 3: Gas, electricity and CO2e savings
4. CONCLUSIONS

This paper demonstrates that the annual energy consumption of a monitored 5600 m2 store. The electricity consumption is 3.71 GWh and the gas consumption is 1.02 GWh with 27% from indirect and 73% direct emissions. Also, the energy consumed by refrigeration systems represents 33% of the total electricity consumption of the store.  An EES model has been developed based on a conceptual design system demonstrated in previuos reviexed papers. Using realistic figures of cooling (QMT and QLT) supermarket demands at different discharge pressures, the heat reclaimed could be calculated and also the overall coeffiecent of performance. This paper also explains the development of the excel dynamic model of the novel CO2 system model incorporated into the hourly data collected from the monitored store. The dynamic model enables to calculate the potential energy heat reclaimed if used efficiently by o provide significant savings such as 94% of HWS, 61 % of heating, 13% of the refrigeration and 56% of air-conditioning energy use. The total gas consumption was reduced by 59%. Because the direct emission is insignificant using CO2 as a refrigerant, the total CO2e emissions of the store can be reduced immediately by 34% as the store CO2e emission has fallen from 3,026,063 kgCO2e to 1,987,010 kgCO2e. 
NOMENCLATURE
	AM&T
	Automatic Monitoring and Targeting tool
	kW
	Kilo Watt 

	CO2
	Carbon Dioxide 
	MT
	Medium Temperature

	CO2e
	Carbon Dioxide Equivalent
	[image: image1.emf]Systems monitored kWh/year Percentage%

Bakery 611,974      16%

Chicken Rostisserie 99,280        3%

Lighting 899,550      24%

HVAC Fans + Electronics 292,894      8%

HVAC Refrigeration 27,162        1%

Refrigeration HT packs 487,304     

Refrigeration LT packs  243,420     

Refrigeration Fan + Electronics 128,951     

Refrigeration Service Shop 

Panel 387,806     

Unsubmetered equipments

530,967      14%

Total Electricity Consumption 3,709,307   100%

Heating 823,984      81%

HWS 193,841     

19%

Total Gas Consumption 1,017,825   100%

34%


	Mass flow rate (kg/s)

	COP
	Coefficient of Performance
	m2
	Square meter

	COPT
	Overall Coefficient of Performance
	Mkg
	Million Gram

	EES
	Engineering Equation Solve
	ODP
	Ozone Depletion Potential

	EICT
	Energy Information and Communication Technology
	P
	Pressure (bar)

	GWh
	Giga Watt Hour
	Q 
	Heat reclaimed of HE1 and HE2 (kW)

	GWP
	Global Warming Potential
	R744
	Carbon Dioxide refrigerant

	∆h
	Delta enthalpy (kJ/kg)
	SLHE
	Suction Liquid Heat Exchanger

	HE
	Heat Exchangers
	TGC,out
	Outside temperature of gas cooler

	HFC
	Hydrofluorocarbon
	W1
	Power input of subcritical compressor (kW)

	HWS
	Hot Water Services
	W2
	Power input of transcritcal compressor (kW)

	kg
	Kilo Gram 
	η
	Isentropic efficiency

	kgCO2e
	Kilo Gram of Carbon Dioxide equivalent
	%
	Percentage

	kT
	Kilo Tonne
	°C
	Degree Celsius

	kWh
	 Kilo Watt Hour
	£
	Pound sterling
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