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HIGH-LIFT CHEMICAL HEAT PUMP TECHNOLOGIES FOR 
INDUSTRIAL PROCESSES 

Traditionally industrial heat pumps (IHPs) have found applications on a process specific basis 
with reject heat from a process being upgraded and returned to the process. The IHP must be 
carefully integrated into a process since improper placement may result in an uneconomic application. 
Over the past several years industry has emphasized a process integration approach to the design and 
operation of their plants. Heat pump applications have adopted this approach and the area of 
applicability was extended by utilizing a process integrated approach where reject heat from one 
process is upgraded and then used as input for another process. 

The Department of Energy (DOE) IHP Program has extended the process integration 
approach of heat pump application with a plant utility emphasis. In this design philosophy, reject heat 
from a process is upgraded to plant utility conditions and fed into the plant distribution system. This 
approach has the advantage that reject heat from any process can be used as input and the output 
can be used at any location within the plant. Thus the approach can be easily integrated into existing 
industrial applications and all reject heat streams are potential targets of opportunity. 

The plant utility approach can not be implemented without having heat pumps with high-lift 
capabilities (on the order of 150°F or 83°C). Current heat pumps have only about half the lift 
capability required. Thus the current emphasis for the DOE MP Program is the development of high- 
lift chemical heat pumps that can deliver heat more economically to higher heat delivery 
temperatures. This is achieved with innovative cooling (refrigeration) and heating technologies which 
are based on advanced cycles and advanced working fluids or a combination of both. This paper 
details the plan to develop economically competitive, environmentally acceptable heat pump 
technologies that are capable of providing the delivery temperature and lift required to supply 
industrial plant utility-grade process heating and/or cooling. 



INTRODUCTION 

Many industrial processes and manufacturing operations necessarily require heating and 
cooling to produce a product. The attendant emissions from conventional process heating devices 
involves the air emissions and thermal discharge into the environment. Likewise, process cooling 
systems may use working fluids that are ozone depleting and are now being phased out. 

Process industries in the United States consume approximately 23 x 10” Btu (23 quads) or 
24.3 x 10’’ kJ of energy annually at a cost of almost $80 billion. Approximately 5 quads (5.3 x loi5 
kJ) is embodied in energy feedstocks with the remainder used directly as heat (about 9.4 quads or 
9.9 x 1015 kJ including combustion losses) or to produce electricity. A significant portion, almost 7 
quads (7.4 x 1015 kl), of this energy input is eventually discarded as waste heat (heat discarded in an 
effluent stream and serves of no value to the process) (U.S.  Department of Energy 1991). 

Concern for protection of the environment has driven a number of legislative and regulatory 
actions that increasingly restrict emissions of pollutants. Fossil fuels supply almost all of industry’s 
process heat and power. The 23 quads (24.3 x 1015 ld) of fossil fuel burned by industry annually 
results in emissions of about 12 million tons of combined nitrogen oxides and sulfur dioxides, and 
almost 1.5 billion tons of carbon dioxide, a major greenhouse gas (U.S. Department of Energy 1991). 
By recouping the energy from waste heat streams, industry can reduce the amount of fossil fuels that 
must be combusted to meet energy needs, subsequently reducing combustion emissions. Alternately, 
industry can expand production capacity without an attendant increase in the amount of fossil fuel 
burned. Further, recovering waste heat energy can help defray the costs of pollution abatement and 
control technologies needed to meet new environmental standards for fossil fuel emissions. 

Capture and reuse of industrial waste heat resource represents an opportunity for industry 
to conserve energy and reduce energy costs of production. Industrial heat pumps (IHPs) offer the 
opportunity to capture the waste heat, upgrade it to useable temperatures, and reuse it in the 
industrial process. It has been estimated that by using IHPs to recycle energy normally discharged as 
waste heat, U.S. industry could reduce primary energy consumption by as much as 1.4 quads (1.5 x 

kJ) annually. This reduction in fossil fuel consumption results in the annual emission reductions 
of CO,, NO,, and SO, (U.S. Department of Energy 1992). 

Heat pumps are required for process cooling/refrigeration applications particularly in the food 
processing industry. Currently, the industrialkommercial market has approximately 42,000 installed 
units with a total capacity of nearly 42 million refrigeration tons (RT). Approximately 85% of the 
process cooling demand in this application is met using vapor compression equipment with 
chlorofluorocarbon-based fluids (CFC’s, HFC’s or HCFC’s) used as the working fluid. Replacement 
technology will be needed in the near term due to the banning of these working fluids. 

In an industrial setting, heat pumps are used to recycle heat from a lower temperature process 
stream to one at a higher temperature that is useful to the industrial process, supplying heat that a 
boiler or fired heater would otherwise supply. Many industrial heat pumps are used throughout the 
world but are often referred to by other names. For example, a mechanical vapor recompressor 
(MVR) used on a multiple effect evaporator is commonly known as a vapor compressor (Scheihing 
1989). Also, 2000 dehumidification lumber dry kilns in the United States, and a like number in 
Europe, use heat pumps to supply heat to dry lumber and cooling to remove water from the drying 
lumber. IHP’s are also found in petroleum refineries, chemical plants, and pulp and paper mills.They 
can be closed, open, or semiopen cycles; mechanical or chemical; and electric or heat (steam) driven. 



Currently, IHPs can provide, economically, a temperature lift of 50°F (28°C) to 100°F (56°C) and 
deliver heat at approximately 350°F (177°C) maximum. Typical delivery temperatures are in the range 
from 150°F (66°C) to 300°F (149°C). 

The efficient use of energy in industrial processes is an important technological constraint due 
to economic and ecologic reasons like the limited availability of energy sources, fabrication costs and 
the need for reducing thermal effects and effects of pollutant gases (Oliveira Jr. et al. 1994). 
Recognizing the potential energy efficiency gains and emission reductions that industrial heat pumps 
offer, the U.S. Department of Energy (DOE) initiated a program to develop and implement new heat 
pump technologies in the late 1980s. This program is managed for DOE by the Oak Ridge National 
Laboratory (ORNL). The program focused initially on implementing existing technologies in 
appropriate applications. It has since been expanded to include development of advanced chemical 
heat pump technology and identification of additional implementation strategies. While there are 
many IHP's in use, the potential for implementation is far from being realized. The U.S. Department 
of Energy, Office of Industrial Technologies (DOE-OIT), has been working cooperatively with U.S. 
industry to overcome the barriers to IHP implementation. Heat pumps have traditionally been 
implemented at the unit operation level, recycling heat within a unit process such as an evaporator. 
Over the past several years DOE-OIT has been working with US. industry to broaden the application 
potential by promoting a process integrated approach. In this approach reject heat is taken from one 
unit operation, upgraded using a heat pump, and supplied to a second unit operation. 

PLANT UTILlTy APPROACH 

The DOE Heat Pump Program has now extended the process integration approach of heat 
pump application with a plant utility emphasis. In this design philosophy, reject heat from a process 
is upgraded to plant utility conditions and fed into the plant distribution system. This approach has 
the advantage that reject heat from any process can be used as input and the output can be used at 
any location within the pIant. Thus the approach can be easily integrated into existing industrial 
applications and all reject heat streams are potential targets of opportunity. 

The plant utility approach can not be implemented without having heat pumps with high-lift 
capabilities (on the order of 150°F or 83°C). Current heat pumps have only about half the lift 
capability required. Thus the current emphasis for the DOE IHP Program is the development of high- 
lift chemical heat pumps that can deliver heat more economically to higher heat delivery 
temperatures. This is achieved with innovative cooling (refrigeration) and heating technologies which 
are based on advanced cycles and advanced working fluids or a combination of both. The DOE 
targeted applications for this approach include the supply of process cooling (refrigeration) and/or 
process heating. 

The principal market for process cooling is food processing and storage. This application 
represents about 90% of the freezing market (temperatures Iess than 0°F or -18"C), and the freezing 
market is about 40% of the total refrigeration market. The fastest growing segment of the market 
is blast freezing (temperatures of -40°F or -40°C and below) of food products for preservation of the 
fresh flavor and appearance of both raw and prepared frozen foods. 

For process heating two applications are targeted. Delivery of steam at 100 psi or 689 Wa 
(approximately 330°F or 166°C) satisfies needs for evaporators and distillation column reboilers 
typically used in the chemical and petrochemical industries. Steam at 50 psi or 345 kPa (approximately 



290°F or 143°C) is typically used in evaporators and dryers in the food, textile, and pulp and paper 
industries. 

Based on these needs the IHP Program is developing chemical heat pump technologies to 
meet the performance specifications shown below. 

Process Heating Applications I1 
1 2 

~~ 

Delivery Temperature 330°F or 166°C 290°F or 143°C 
(= 50 psi or 

345 kPa steam) 

Temperature Lift 150 to 180°F 120 to 150°F 
(67 to 83°C) 

1 to 5 
(293 to 1465 kw) 

(= 100  psi or 
689 Wa steam) 

(83 to 100°C) 

10 to 50 
(2930 to 14651 kW) 

Scalability Range ( lo6 Btuh) 

Process Cooling Applications 

1 2 3 

Delivery Temperature I 4O0F(-40"C) -20°F (-29°C) 0°F (-18°C) 

Temperature Lift 2 150°F (83°C) 2 130°F (72°C) 2 110°F (61°C) 

Scalability Range (RT) 40 to 500 40 to 500 40 to 500 

CURRENT DEVELOPMENT EFFORTS 

Several technologies for the high-lift chemical heat pumps are being developed under this 
program. At present all technologies are at the proof-of-principal stage. Development of successful 
technologies will move forward through prototype fabrication and testing to validate the performance 
of the heat pump by the research organizations and their manufacturing partners. The next phase will 
be the fabrication and operation of a full scale demonstration unit at an industrial host site. A brief 
description of the technologies under investigation are described below. 

Acurex Envi ro~~n ta l  Corporation - Acurex is teamed with FricWYork International to develop a 
system using ammonia as the refrigerant and NaI/NaSCN as the absorbent (Dehne and Erickson 
1991). This technology is applicable to all process cooling applications. The high-lift chemical heat 
pump is based on recent work by Acurex in which an effective chemical absorption working fluid, 
using ammonia as the refrigerant, was identified. The gas-fired heat pump system willprovide process 
cooling in the range of -20°F (-29°C) to -40°F (-40°C) and willprovide process hot water andor hot 
water preheat for process steam boilers. Two other options that are extensions of this baseline system 
are a higher cold side temperature that would allow process steam generation on the hot side, and 
a waste heat energy source in place of gas firing. 

The principal application for the process cooling and heating is the food processing and 



storage industry. The concept is anticipated to be most attractive for the blast freezing application 
(process cooling # 1). Other food applications include conventional food freezing, frozen food storage; 
non-food applications include carbon dioxide production and pharmaceuticals manufacturing. 

Rocky Research - Complex compounds (Rockenfeller and Kirol 1988), due to their high lift capability 
and ability to sorb large amounts of refrigerant (ammonia), are proposed for meeting all of the 
process cooling and the process heating #2 applications. This technology also appears well suited to 
the blast freezing application. This will be a proof-of-concept effort to quantify the thermodynamic 
and economic potential of industrial sized complex compound heat pumps for these applications. The 
heat pump can be waste heat driven or gas fired. 

Rocky Research will perform laboratory tests under dynamic operating conditions to optimize 
the complex compounds sorber cores for each of the applications. It will then use these test results 
along with its sorber design and operational modeling capabilities to determine the projected first cost 
and operating costs for the complex compound system at each of the conditions. These costs will be 
compared to its database of costs for electric compressor driven systems to determine simple payback. 
Based on these results, a preliminary design of a subscale high lift heat pump process cooling and/or 
process heating system will be completed with its intent being a low cost demonstration of the 
technology which will address control and system integration issues. 

Energy Concepts Co. - The proposed development is based on the Vapor exchange Generator- 
Absorber heat exchange (VX GAX) concept using ammonia/water working pair. Although the basic 
GAX cycle is more efficient than the conventional single effect cycle, the maximum amount of 
internal heat exchange possible is thermodynamically constrained to small values at high lift conditions 
(Erickson and Rane 1992; Herold et al. 1991; Phillips 1990). The VX GAX cycle overcomes this 
limitation by incorporating a second GAX heat exchanger at an intermediate pressure (Rane and 
Erickson 1994). The concept is applicable to all process cooling applications. 

This technology is proposed for all industrial refrigeration uses especially processes which 
require large amounts of hot water in addition to refrigeration. Examples are found in food 
processing plants, e.g. dairies, ice cream, poultry processing, vegetable freezing, and beverage brewing. 
The cycle not only achieves very low refrigeration temperatures (-40°F or -4O"C), but also 
simultaneously rejects heat at exceptionally high temperature, up to 170°F (77°C). 

Energy Concepts Co. - The development work will focus on the "double-lift" cycle using the 
LiNO,/NaNO,/KNO, absorbent known as Alkitratem. This technology is applicable to all process 
heating needs. This technology is a synergistic combination of two recent developments: (1) a 
"double-lift" absorption cycle, and (2) the LiNO,/NaNO,/KNO, high temperature absorbent using 
water as the refrigerant (Davidson and Erickson 1986; Howe and Erickson 1990). The double lift 
cycle achieves lifts almost twice as large as can be achieved in conventional single effect cycles. The 
thermodynamic penalty for this higher lift is a lower Coefficient Of Performance (COP) -only about 
60% of the single effect COP. However, the lower COP has little detriment when waste heat is being 
used. Higher lift cycles almost always require higher temperatures, typically well above what is 
possible with LiBr. Thus the advent of the new high temperature absorbent LiNO,/NaNO,/KNO, is 
key to the feasibility of this high lift concept. 

The principal applications of this technology are in large scale industrial plants which have 
utility steam headers including: petroleum refineries, petrochemical plants, chemical plants, coal 
conversion plants, food processing plants (for example corn wet mills, fructose, and beverage), and 

I 



pulp and paper plants. 

University of Maryland Program - The armonidwater working pair is proposed for all process 
heating and cooling applications. A full range of cycles will be examined to determine the cycle most 
appropriate for each application. These cycles include the high-lift vapor compression systems (Howe 
et al. 1989; Rane et al. 1993) as well as the high-lift absorption systems (Kahn et al. 1994). The 
potential of advanced heat and mass transfer augmentation including both active and passive 
techniques will also be examined. 

CONCLUSION 

Industrial heat pumps have the potential to save large amounts of energy in a wide variety 
of processes. Current IHP effort is aimed at developing economically competitive, environmentally 
acceptabie heat pump technologies that are capable of providing the delivery temperature and lift 
required to supply industrial plant utility-grade process heating or cooling. The environmental benefits 
of these technologies, whether for cooling or heating, are: (1) they use working fluids that are not 
harmful to the environment (substitutes for CFC’s, HFC’s or HCFC’s) and (2) they can be either 
waste heat driven or natural gas driven as opposed to using high grade electrical energy. With waste 
heat systems, there is no production of the CO, (greenhouse gas) during the operation. For natural 
gas fired systems, the CO, emission from natural gas combustion is relatively low compared to the 
CO, evolved in the production of electricity at the power station. These technologies enable pollution 
prevention, while reducing operating costs, thus providing a return on investment required to meet 
environmental regulations which would attract the users in using these technologies. 
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