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DISCLAIMER 

This document was prepared as an account of work sponsored by the United States 
Government. While this document is believed to contain correct information, neither the 
United States Government nor any agency thereof, nor the Regents of the University of 
California, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein to any specific commercial product, 
process, or service by its trade name, trademark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof, or the Regents of the University of 
California. The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof or the Regents of the 
University of California. 
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ABSTRACT 

Most investigations on seasonal storage of thermal energy have concentrated mainly on cold and moderate 
climatic regions, and have emphasized aquifer storage. In warm, arid climatic zones, where the use of 
groundwater aquifers for this purpose is not feasible, unsaturated soil has been identified as one of the most 
suitable media. Our previous research programs used mathematical modeling to investigate both general 
concepts and a specific configuration for a storage facility in unsaturated soil. In the present project, a 
reduced-scale field experiment was performed in order to: a) validate the mathematical models of the 
storage system and study the relevant heat transfer processes in unsaturated soils; b) test the proposed tech
nologies for the construction of the storage facility, including heat-exchanger emplacement and operational 
control; and c) provide cost estimates of the implementation of this method. The transfer of heat to the 
soil is achieved through a heat exchanger constructed of 0.03-m-diameter polybutylene pipe in a helical 
configuration 1 m in diameter and 6 m in length, which is inserted into a lOom-deep well. A detailed 
description of the experimental procedures and technological developments are given in a companion paper 
(Bar-On et al., 1991), while the present paper emphasizes model development and validation. Two experi
mental storage cycles were performed and modeled, and a satisfactory match was obtained between the 
observed and predicted temperatures throughout the storage volume. The sensitivity to parameter esti
mates, modeling approximations, and parameter nonlinearity was also studied. On the basis of the accumu
lated knowledge and experience from this project. a pilot-scale experiment appears feasible. 

BACKGROUND 

Seasonal heat storage concepts and designs have undergone numerous tests and accumulated many years of 
operational experience in a variety of geologic storage media (International Conferences on Seasonal Ther
mal Energy Storage. 1981. 1983. 1985. 1988. 1990). including aquifers. caverns. and dry rock. as well as 
shallow partially-saturated soils. which are by far the least expensive to use and most widely available geo
logic storage media. These applications refer mainly to colder or moderate climatic zones. while only lim
ited progress on the application of this concept is reported for warm climatic zones (WCZ) where shallow 
aquifers are rare. and when present are needed for water supply. While seasonal heat storage in WCZ may 
be expected to benefit from lower heat losses to the environment and higher solar inputs. the lower specific 
demand for domestic heat and shorter heating periods make the need for heat storage seem less urgent and 
the investment less attractive. Preliminary analysis indicates that this may not be the right conclusion (Nir 
and Benson. 1982). These zones. which include the southwest United States. parts of Australia. and the 
Mediterranean countries. are subject to intensive growth in population and in industrial and agricultural 
development. They should be expected to benefit from suitable methods of heat storage. 

Although experience from other storage media and other climatic zones can serve as a useful base of 
knowledge for designing storage facilities in unsaturated soil. specific features of WCZ give rise to new 
physical processes in soils. which introduce additional heat tranSfer mechanisms. and thus require new tech
nological approaches for the design of seasonal heat storage systems. This need motivated our previous 
mathematical modeling studies. in which a particular configuration for heat storage in shallow unsaturated 
soils was developed (Doughty et al.. 1983; Nir. 1983; Nir et al .• 1986). The objectives of the present com
bined experimental/modeling study are: (a) verification and validation of theoretical models; (b) use of the 
models for storage-facility design. construction. and operational control on a reduced field scale; (c) test of 
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proposed technologies for excavation, emplacement, operation, and control of the storage facility, especially 
those associated with the heat-exchange and water-transport pipes; (d) evaluation of total system operation; 
(e) collection and evaluation of input data for cost estimates; and (f) identification of possible environmen
tal effects. 

HEAT EXCHANGER CONFIGURATION AND MATHEMATICAL MODEL 

The storage system design is envisioned to consist of multiple vertical heat exchangers, each constructed of 
flexible polybutylene tubing 0.03 m in diameter, shaped in a helical configuration of 1.3 m diameter and 18 
to 24 m length, placed in a well. For the present experiment, a single reduced size exchanger of 1 m 
diameter helix and 6 m length was used. It was placed in a 10 m deep well, and equipped with tempera
ture and moistures sensors. The well space was refilled with the excavated soil, which was then saturated 
with water. The heat-exchanger water circulation system is closed; water circulating through the heat 
exchanger does not come in contact with soil moisture. Figure 1 shows a schematic diagram of the heat 
exchanger. 

The numerical simulator PT (Bodvarsson, 1982) was used to calculate conductive heat transfer in the soil, 
with either a constant or temperature-dependent thermal conductivity; moisture flow in the unsaturated-soil 
storage medium was not included. Theoretical calculations have been made (Bensabat et aI., 1991a, b), 
inoicating that this is a satisfactory approximation for a storage system under these experimental conditions, 
i.e., heat-exchanger inlet temperature in the range of 65 to 80°C, and heat storage in loess and silt soils 
with a high initial water content Under other conditions, drying of the soil at the thermal front may cause 
a significant reduction in heat transfer coefficient, redistribution of solutes, and chemical and physical 
changes in soil properties. 

In the heat exchanger itself, the heat transfer is by convection and conduction, with fluid flow modeled as 
simple piston displacement. The helical tubing is modeled by a cylindrical conduit of equivalent volume 
and surface area. This enables a two-dimensional (r-z) model to be used, which greatly reduces computa
tional costs. The conditions under which this approximation is adequate have been studied by mathemati
cal modeling: the temperature distribution around one tum of the helix is compared with that around the 
equivalent length of cylindrical conduit (Doughty et al., 1991). These studies had the added benefit of aid
ing in the design of the experiment by determining the optimal vertical distance between turns of the helix. 

PREPARATION FOR THE FIELD EXPERIMENT 

The initial stages of this project include: (a) construction of a field scale lest facility; (b) determination of 
local soil thermal properties; (c) simulation of the planned experiment using local parameter values to aid 
in experimental design; (d) estimation of the sensitivity of the model to the adopted approximations; (e) 
selection of technical approaches of storage well excavation, heat exchanger construction and insertion, 
sensor location and data collection; and (f) additional theoretical studies of the heat transfer process. A 
detailed description of this work is given by Bensabat et al. (1988) and Doughty et al. (1991). 

To determine the local soil thermal properties, two observation wells were drilled and equipped with tem
perature sensors. Several typical temperature depth profiles are shown in Figure 2. These measured tem
perature profiles may be used to estimate the value of soil thermal diffusivity by comparison to an analyti
cal solution for the temperature profile in a homogeneous semi-infinite medium with a seasonally-varying 
surface temperature. The calculated profiles shown in Figure 2 assume a thermal conductivity of 1.8 
W/mK. We consider this to be a first approximation only, as data from only a limited time period (3 
months) were used. Furthermore, this method only provides information on the thermal conductivity at 
ambient temperatures, while the actual values of thermal conductivity at the elevated temperatures of the 
experiment are unknown. The experiment itself can be used to estimate values of thermal conductivity at 
higher temperatures, by comparing observed and calculated temperature distributions in the soil at the end 
of the heat-charging period. To identify locations where thermistors should be placed (i.e., where the tem
perature field is most sensitive to the value of thermal conductivity), the planned experiment was modeled 
using two different values of thermal conductivity. The differences between the resulting temperature dis
tributions, shown in Figure 3, indicates that the thermistors should be located near the helix, where these 
differences are largest 
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THE FIELD EXPERIMENT: COMPARISON WITH MODELS 

The first experimental test consisted of a 9 month charge and a 1 month discharge period beginning in 
February 1989. The second test, performed in February 1990, consisted of a charge period of 35 days, at 
higher temperatures and flow rates and with better control capability than those of the first test. The results 
of the first test were used to evaluate the basic mathematical model and the benefits of added modeling 
details, and to test the sensitivity of the calculated results to thermal conductivity. Based on these studies, 
an improved model was developed, which was then compared with the results of the second test Addi
tionally, the validation procedure included model verification against analytical solutions, an independent 
estimate of thermal parameters, and analytical and numerical analysis of the heat transfer processes 
(Doughty et at, 1991). 

The heat-exchanger inlet temperature and flow rate for the numerical model of the 1989 test are shown in 
Figure 4. Hourly variations of 5-1O°C and -10 Ilhr have been averaged out. Results of the 1989 test and 
the calculation made with the base model (Case A) are shown in Figures 5 and 6. Case A uses uniform 
constant values of thermal conductivity (1.8 W/mK) and heat capacity (2.35 MJ/m3K). Figure 5 shows 
observed and calculated time sequences of temperature for two sensor locations. The experimental test was 
interrupted several times due to electrical breakdowns. This provided an unintentional test of the high
frequency thermal response of the system. Figure 5 indicates that the response was well reproduced by the 
calculation for the outlet temperature; other sensor locations show similar agreement. Figure 6 shows the 
observed temperatures superposed on the calculated temperature contour lines at the end of the 1989 charge 
period. The simulation results of the base model are generally within 2-4°C of the observed values, and in 
most cases underpredict them. 

To enable a convenient comparison between the output of various versions of the model and the field 
observations, we consider the time-average of the fractional difference between the observed and calculated 
temperatures 

;, AT _ (Tobs - Teale) 
"-' frac>-< .. > 

(Tobs-T~'b.r') 

where Tobs and Teale are observed and calculated temperatures, respectively, T;t: is the observed tempera
ture at the start of the experiment, and < > denotes the time-average for days 160--290 for the 1989 test, 
and the time-average for days 30--70 for the 1990 test <IlTfrac > is calculated for three temperature points 
(see Figure 6): 
ChO - The heat exchanger outlet temperature (r =0.5 m, Z =4 m) 
Ch6 - The deepest temperature sensor inside the heat exchanger (r = 0.3 m, Z = 9 m) 
A 7 - The deepest temperature sensor outside the heat exchanger (r = 1.68 m, Z = 7 m) 

Although the in situ value of soil thermal conductivity A. was estimated from the soil temperature profile 
studies mentioned above, the actual value of A. within the heat exchanger may be different from it due to 
variations in temperature, moisture content, and soil density resulting from the excavation and refilling pro
cedure. It was therefore considered worthwhile to treat A. as an unknown parameter and model the 1989 
storage cycle using a range of values for it. Results of such a sensitivity study are shown in Table L In 
each case, A. is constant in time and space. Increasing A. by 25% above the base-case (Case A) value 
results in larger fractional temperature differences (Case B), while decreasing it by 20% results in smaller 
differences (Case C). Recent soil temperature profile analyses, using data from a longer time period (1 
year) than were used in the previous studies, yield values of A. closer to the lower value. 

Three additional mechanisms, described below, can be included in PT to more accurately reflect physical 
processes occurring during the storage cycles. (The results of calculations that include these effects are 
summarized in Table 2). 
1) It is generally accepted in the soil physics literature that soil thermal conductivity increases with tem
perature. For simplicity we consider a linear variation with a base value of A. at T = 22°C of 1.8 W/mK 
(Case D). Case D produces larger fractional temperature differences than the base case (Case A). This is 
not surprising in view of Table I, which shows that using a larger constant base value of A. also increases 
fractional temperature differences. For a temperature-dependent A. case to yield decreased fractional tem
perature differences, the value of A. at 22°C must be smaller. 
2) Soil heat capacity C varies with soil moisture content, which is larger within the heat exchanger 
because the backfilled soil was saturated with water during heat exchanger construction. Allowing C to 
vary in space has a very small affect on fractional temperature difference (Case E). 
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3) In the original modeling, the center pipe was assumed to be perfectly insulated between the ground sur
face and the top of the heat exchanger (depth 0 to 4 m). Using realistic thermal properties for the insula
tion allows a small part of the heat stored to be deposited in the shallow soil overlying the heat exchanger. 
Including this effect decreases the fractional temperature differences (Case F). For the 1990 cycle, which 
was conducted with higher heat exchanger inlet temperature and flow rate, the fractional temperature 
differences are somewhat higher (Case F-90). 

The results of a new model, combining all the improvements shown in Table 2, and using a smaller base 
value for thermal conductivity, as indicated in Table I, are shown in Table 3 for both the 1989 and 1990 
storage cycles. The fractional temperature differences are much improved relative to the base case for the 
1989 cycle (compare Cases A and G). For the 1990 cycle, the effect of decreasing the base value of A., 
and using A.(T) and C (r, z) has mixed results (compare Cases F-90 and G-90), but for the most important 
parameter, heat-exchanger outlet temperature, the fractional temperature difference is much smaller. 

DISCUSSION OF RESULTS 

The problems which were of major concern at the outset of the experimental program related to the availa
bility and reliability of large-diameter well drilling, heat exchanger construction and emplacement tech
niques, and the stapility of the heat transfer process in unsaturated soils. Satisfactory drilling, construction, 
and emplacement technologies were developed and utilized, and are discussed in the companion paper by 
Bar-On et a!. (1991). The heat transfer process did not indicate any significant deterioration during the 9 
month charging period within the present precision of observation. In addition, there was no indication that 
heat transfer improved following a soil-wetting operation that was done during the last part of the charge 
period. The stability of the heat transfer implies that the moisture content remains near-constant, which 
may be ascribed to the type of soil (silty clay) and to its initial full saturation in the well interior. This 
justifies the modeling approach, which does not include the coupling of heat, water, and solute transfer. 
There remains an uncertainty about this problem in a multi-year operation, and therefore the soil-wetting 
option should not be discarded on the basis of this experience. Furthermore, the possible accumulation of 
solutes at the hot boundary deserves further theoretical and experimental investigation. 

MODELING A FULL-SCALE WELL 

Based on the results of the experiments, a multi-year simulation for a full-scale pilot project was carried 
out using the base model. The simulation considers a storage well in a multiple storage-well field (thus 
minimizing edge effects). It indicates a discharge capability of 6 MWh per annual storage cycle, with an 
energy recovery of 70%, for a nominal size heat exchanger of 18 m length and 1.3 m diameter, with inlet 
temperatures of 65°C during the charge period and 20°C during the discharge periods, and a 36°C 
minimum outlet temperature during discharge. Results of the simulation are shown in Figure 7. 

The energy output can be increased by changes in operating conditions such as a) higher inlet temperature; 
b) lower minimum usable outlet temperature (e.g. for agricultural uses or with heat pump coupling); c) 
longer heat exchanger and siting at a greater depth; and d) incorporation of phase change material. The 
resulting capability of thermal energy supply for a 4000 m2 storage field (110 wells) would be between 500 
to 1000 MWh per storage season. depending on the operating conditions, after an initial transient period of 
three years. This size can be considered to be the basic module, which can be expanded by adding similar 
units according to local conditions of supply and demand. 

The model used for the present work can be used to aid in the construction of a pilot plant facility of one 
or two full-size storage wells, with the objective of testing the predicted operational performance and the 
improved methods of heat exchanger construction and emplacement Such a program can be carried out 
with a moderate investment at the present experimental site, which is equipped with test instrumentation 
and facilities for the accommodation of two additional wells. An alternative site could be located close to 
an existing supply of alternative energy, such as solar, geothermal, or industrial waste heat, and a potential 
user of this stored heat. 

\., .. 
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CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK 

The combined experimental/modeling effort of the project has been found very useful, both from the point 
of view of the experimenters and the modelers. Modeling results have been used to aid in experimental 
planning and design. Experimental results have both allowed validation of model results and provided 
insight into the importance of various physical processes. The project achieved its primary objectives, 
which were to: a) investigate seasonal thermal energy storage in an unsaturated soil under semi-arid 
climatic conditions; b) demonstrate a validation procedure for the conceptual and mathematical models of 
the storage system; c) develop and test heat-exchanger construction and emplacement techniques; d) test 
theories of heat and mass transfer in the unsaturated zone; e) make an initial cost estimate of this heat 
storage method. 

The results of the research project suggest that unsaturated soils can provide thermal energy storage without 
causing environmental problems; however, further multi-year observations are needed. The mathematical 
models have been shown to provide a useful tool for the design of the storage system. Several possible 
improvements in engineering design, construction methods, and cost reduction have been indicated. The 
theoretical investigation of heat and mass transfer in unsaturated soils has indicated that moisture transport 
is negligible under conditions of the present experiment (Bensabat et aI., 1991b), and that the model 
approximation of conductive heat flow is appropriate. It also has motivated further laboratory experiments, 
with results being of potential significance not only for seasonal thermal storage in soils, but also for the 
disposal/isolation of hot chemical or nuclear waste products in such environments. 

Furthermore, there is a need for additional theoretical and laboratory studies on long-term geochemical 
effects on the heat transfer in the unsaturated zone at the hot boundary. The potential benefit of heat pump 
use and cold storage coupling should be included in future investigations. 
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Table I. Sensitivity studies 
Case )., CW/mK) Comments <.AT/TdC > (%) 

ChO Ch6 A7 
A 1.8 Base case 4.1 5.8 3.6 

Most calculated T's too low 

B 2.25 Worse than A 9.0 9.8 5.4 

C 1.44 Better than A -1.1 2.4 2.2 

Table 2. Model improvements 

Case Description <.AT1rQC > (%) 

ChO Ch6 A7 
D ).,(T): linear variation 5.7 7.5 3.3 

dAJdT=O.009 W/mK2, ),,(22)=1.8 W/mK 

E C (r,z) 4.1 5.8 3.5 
duct interior C = 3.2 MJ/m 3K 
elsewhere C = 2.35 MJ/m3K 

F Shallow heat flow included 3.3 5.1 3.0 

F-90 1990 test, same model as F 5.0 3.7 1.8 
Table 3. New model 

Case Description <!IT,rQC> (%) 
ChO Ch6 A7 

G Combine all three improvements -1.0 2.5 0.4 
dA.ldT=O.009 W/mK2, ),,(22)= 1.35 W/mK 

G~90 1990 test, same model as G 2.6 4.2 2.3 

NOle: Cases A, B, C, D, E, F. and G correspond 10 the 1989 lest. 
Cases F-90 and G-90 correspond to lhe 1990 leSl. 
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Figure 1. Schematic diagram of the helical heat 
exchanger. 

Figure 2. Observed vertical temperature profiles prior 
to the experiment, and the profiles calculated analyti
cally assuming a thermal conductivity of 1.8 W/mK. 
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Figure 3. Computed temperature distribution after two months .of charge for thermal conductivity of 0.8 W/mK 
(frame A) and 1.8 W/mK (frame B). and the difference between the two (frame C) (all contouts labeled in °C). 
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