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RESEARCH ARTICLE

For California walnut drying, fuel choice and 
improved training and automation may reduce 
energy consumption
Training, switching fuel type, and increased automation are feasible approaches to reduce 
energy consumption in walnut drying.

by Alice Dien, Lucía Félix-Palomares, Shira Bergman, Kurt Kornbluth, David C. Slaughter and Irwin R. Donis-González

Online: https://doi.org/10.3733/001c.155765

Abstract 
Drying is an energy-intensive step in walnut production, accounting for 
19% of processing costs and contributing to greenhouse gas emissions. 
This study surveyed 19 California walnut drying facilities to update energy 
consumption estimates and identify factors influencing energy use. 
The variables analyzed included production volume, implementation 
of energy conservation strategies, the type of fuel used for drying, and 
ambient air conditions (temperature and relative humidity). The results 
show that the average energy consumption for walnut drying in California 
was 1.156 million British thermal units per short ton of in-shell dried 
walnuts, 11.1% lower than 2009 estimates. Natural gas facilities used 
41.5% less energy than those using propane. The type of fuel used for 
drying was the only factor that significantly affected energy consumption; 
energy conservation strategies, including in-bin moisture meters and air 
recirculation, did not have a significant impact. This suggests the need for 
improved application of energy conservation strategies through better 
automation and operator training.

California is the leading walnut producer in the 
United States, producing 752,000 short tons of 
in-shell walnuts in 2022, which makes up nearly 

half of the world’s walnut exports (USDA 2022, 2023). 
California’s main walnut-growing counties include 
San Joaquín, Butte, Tulare, Sutter, and Stanislaus, each 
harvesting over 50,000 short tons of in-shell walnuts 
annually (USDA 2020). 

From August through November, walnuts are 
harvested and transported to one of California’s 400 
walnut hulling and drying facilities (DFA of California 
2002). These facilities remove the walnut hulls, leaving 
the kernel inside the shell, to produce in-shell walnuts. 
The walnuts are then cleaned, sorted, and dried to an 
8% wet basis moisture content (MCwb) to preserve qual-
ity, ensure safety, and maintain profitability (Khir and 
Pan 2019; Thompson and Grant 1992). 

A fan room at an 
industrial-scale walnut 
processing and drying 
facility, with five 
centrifugal drying fans 
in the background, each 
measuring about 10 feet 
in height. Drying is one of 
the most energy-intensive 
and expensive steps in 
walnut production. From 
left to right: Dr. Irwin R. 
Donis-González, Chris 
Fedora (Fedora Farms, 
Meridian, Calif.), Ph.D. 
Candidate Alice Dien, and 
Bailey, the Fedora Farms 
dog.  Photo: A. Dien and 
I.R. Donis-González.
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Drying bins

Cold air

Hot air

Walnuts are mostly dried in stationary bin dehydra-
tors (fig. 1A), which can handle between 30 and 133 
tons each (Klonsky et al. 2009). Fans introduce outside 
air into the facility at 20 to 30 cubic feet per minute 
(cfm) per cubic foot (ft3) of in-shell walnuts. The air is 
then heated to about 110°F by burning natural gas (NG) 
or propane. The drying process lasts between 24 and 
48 hours, depending on ambient air conditions and the 
initial MCwb, which can range from 13% to 40% (Khir 
et al. 2013; Thompson et al. 1997).

FIG. 1. (A) A California 
walnut drying facility 
with stationary bin 
dehydrators. (B) Stationary 
bin dehydrator schematic; 
arrows show the flow of air. 

Energy cost in walnut drying 
Drying is one of the most energy-intensive and expen-
sive steps in walnut production, accounting for nearly 
19% of total processing costs (Grant et al. 2013). Energy 
is a prominent concern in California agriculture, with 
government policies pushing for reduced fossil fuel use, 
and rising fuel costs decreasing processing margins. 
Therefore, reducing energy use in the drying operation 
helps the California walnut industry achieve its eco-
nomic and environmental goals. 

The fuel used for drying contributes most of the 
energy cost of drying in-shell walnuts, with electricity 
to run the operating fans and conveyor belts account-
ing for a much smaller fraction. Energy usage estimates 

for walnut drying have not been updated since 2009 
(Klonsky et al. 2009). Thus, this study aims to provide 
updated estimates and identify strategies to reduce 
energy use, thereby lowering greenhouse gas emissions 
and operating costs.

(A) (B)

Variables 

Categories 

 

Ambient Relative  
Humidity (RH) 

Energy Conservation 
Strategies (ECS) Facility Size  Drying Fuel

Ambient 
Temperature

Walnut Drying Energy Consumption 

In-bin moisture 
meters (IMM) 

Air recirculation 
(AR) 

In-bin moisture 
meters and air 
recirculation 
(IMM&AR) 

No energy 
conservation 
strategies (No-ECS) 

Small 
< 1,500 short tons 

Medium 

short tons 

Large 

Natural gas (NG)

Propane

High temperature 
>65 ° F

Low temperature 

High RH
>47 %

Low RH

Factors influencing energy use
Several methods have been explored to reduce energy 
use, including two-stage or step-down temperature 
drying (Chen et al. 2020) and infrared drying (Dolgun 
et al. 2021). However, high capital costs and difficulty 
in application hinder their adoption. Our study focuses 
on five existing variables in walnut drying facilities 
(fig. 2) and their impact on energy consumption, as 
described below.

Energy conservation strategies
Energy conservation strategies (ECS) are cost-effective 
methods that can theoretically lead to energy savings. 
These methods include in-bin moisture meters (IMMs) 
to monitor MCwb; air recirculation (AR); air velocity 
optimization; correct installment and adjustment of 
the fan burner; reduction of dryer operation during 
cold, moist mornings; and shallower bins (Rumsey et 
al. 1981; Rumsey and Thompson 1994; Thompson et al. 

FIG. 2. Studied variables 
(blue box) and categories 
(brown box) that could 
influence walnut drying 
energy consumption. 
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1997). Previous studies suggest that the highest energy 
savings, ranging from 30% to 50%, are achieved with 
IMMs, followed by 20% to 40% with AR (Rumsey et al. 
1981; Thompson et al. 1997). Consequently, our study 
focuses on these two ECS.

IMMs are pairs of steel plates permanently mounted 
inside drying bins that measure the electrical resis-
tance of walnuts and relate it to their MCwb. Without 
IMMs, operators gauge drying completion by sampling 
top walnuts. This is an inaccurate method given that 
walnuts on top dry more slowly than those lower in 
the bin. This often results in over-drying, which af-
fects walnut quality, reduces revenue, and increases 
energy consumption due to extended drying time 
(Thompson et al. 1997). 

AR can reduce energy consumption by recirculat-
ing warm air within the dryer, rather than constantly 
introducing new air, thereby reducing the energy re-
quired to heat the air to 110°F. Dryers inside a building 
recirculate air through a passage connecting the drying 
and fan rooms (fig. 1B). This recirculation is adjusted 
by opening or closing doors and vents that connect the 
building to the outside (Thompson et al. 1997).

Size of facilities
Larger facilities may benefit from economies of scale by 
having more sophisticated drying equipment (IMMs, 
automated AR) and operating closer to their maximum 
capacity. As a result, less energy is required to maintain 
optimal drying conditions, reducing per-unit energy 

costs and improving overall process efficiency. Facil-
ity size, based on production volume, varies widely in 
California. A previous survey of 11 walnut hulling and 
drying facilities reported annual drying throughputs 
ranging from 79 to 8,838 short tons of hulled in-shell 
dried walnuts (Klonsky et al. 2009). 

Surveyed facilities reported seasonal throughputs 
ranging from 150 to 46,000 short tons of in-shell dried 
walnuts. The average seasonal production was 6,706 
short tons per season, substantially higher than the 
1,883 short tons reported in a previous study (Klonsky 
et al. 2009). However, the throughput between the first 
and second largest facilities differed considerably, rang-
ing from 46,000 to 11,000 tons, as shown in table 1. 

Choice of fuel used for drying
Facilities using NG experience a 52% decrease in dry-
ing costs compared to those using propane (Klonsky 
et al. 2009). NG is supplied through pipelines in its 
gaseous state, while propane is distributed as a liquid 
in portable tanks or delivered to a permanent on-site 
tank. NG delivers 1,035 British thermal units (Btu) per 
cubic foot (ft3) of energy density (higher heating value 
or HHV), compared to 2,500 Btu for propane (Bartok 
2004; EIA 2024). However, NG remains more cost-
effective despite propane’s higher energy density. In 
California, for example, industrial NG cost an average 
of 13.3 USD per million Btu (MMBtu) in 2022, whereas 
wholesale propane cost 16.8 USD per MMBtu (EIA 
2022a, 2022b). 

TABLE 1. Original raw survey data, including ECS, drying fuel type, walnut production, fuel and electricity consumption, and calculated drying cost

Facility

Energy 
conservation 
strategies (ECS) Drying fuel

Walnut production, 
short tons of  

in-shell walnuts  
(< 8% MCwb)

Fuel use in drying 
season  

(MMBtu)

Electricity use in 
drying season 

(MMBtu)

Calculated drying 
cost  

(USD/ton)

1 No-ECS NG 576 824.72 54.61 23.81

2 No-ECS NG 4,018 3,892.13 257.74 16.12

3 IMM NG 5,180 4,210.48 278.82 13.52

4 IMM NG 4,593 4,328.77 286.65 15.67

5 IMM&AR Propane 7,500 12,446.56 824.21 33.56

6 IMM&AR NG 5,000 7,583.87 502.20 25.22

7 No-ECS Propane 3,185 2,074.43 137.37 13.17

8 No-ECS Propane 445 483.76 32.03 21.98

9 No-ECS Propane 150 549.45 36.38 74.07

10 IMM NG & propane 6,000 21,132.49 1,399.39 66.85

11 IMM NG 46,000 30,957.91 2,050.02 11.19

12 IMM NG 2,520 3,065.24 202.98 20.23

13 IMM NG 11,000 10,224.18 677.04 15.46

14 IMM&AR Propane 9,000 10,952.97 725.30 24.61

15 IMM&AR NG 3,000 2,464.42 163.19 13.66

16 IMM&AR Propane 10,000 8,214.73 543.98 16.61

17 IMM&AR NG 5,660 7,832.08 518.64 23.01

18 AR Propane 932 1,744.48 115.52 37.84

19 IMM&AR Propane 2,646 5,094.81 337.38 38.93
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Air temperature and humidity
Drying efficiency depends on ambient air conditions, 
primarily temperature and relative humidity (RH) 
(Kudra 2004). Lower temperatures and higher RH, po-
tentially due to rainfall, require more energy to reach 
desired drying conditions (110°F, ~ 15% RH). 

Facilities in nine counties
This study surveyed 19 industrial-scale hulling and 
drying facilities from nine counties, with an average 
seasonal production of over 1,100 short tons of in-shell 
walnuts (fig. 3). These facilities represented nearly 5% of 
California’s drying facilities and 18.8% of the 676,000 
short tons California produced in 2018 (USDA 2019). 
The selection criteria included availability and willing-
ness to participate; however, not all participants an-
swered all questions. 

Data were provided by a walnut huller and dryer 
owner, manager, or technician through in-person in-
terviews, a review of historical records, and a remote 
survey (online technical appendix 1). Key variables 
included seasonal throughput in short tons of in-shell 
dried walnuts, the number of ECS used, and consump-
tion of drying fuel and electricity. To gauge cost-saving 

practices, respondents were asked about solar power 
installations in their facilities. 

Facilities were classified as small (< 1,500 short tons/
season), medium (≥ 1,500 and < 6,000 short tons/sea-
son), and large (≥ 6,000 short tons/season). The ranges 
were determined to ensure a representative sample of 
facilities in each category.

We retrieved daily average temperature and 
RH from the National Oceanic and Atmospheric 
Administration (NOAA) database for the 2018 drying 
season from August through November (NOAA n.d.). 
Environmental conditions across counties ranged from 
60°F to 75°F and 31% to 63% RH. Accordingly, the sur-
veyed facilities were categorized into low-temperature 
(≤ 65°F) and high-temperature (> 65°F) groups, and 
low-RH (≤ 47%) and high-RH (> 47%) groups. 

FIG. 3. Map of California highlighting the locations 
of surveyed facilities. Number of facilities surveyed in 
each county: (1) Tulare, 3; (2) Stanislaus, 4; (3) Tehama, 2; (4) 
Sutter, 1; (5) Glenn, 2; (6) San Joaquin, 3; (7) Butte, 1; (8) Yolo, 
1; (9) Lake, 2.

Energy and cost calculations
Fuel usage was reported in therms for NG or gallons 
for propane. Electricity use was often unavailable or 
reported only as total kilowatt-hours (kWh) from util-
ity bills, overestimating consumption by including 
non-drying equipment. Therefore, the facility energy 
consumption (FECi) was calculated using Equation 1, 
where fuel contributed 93.8% to the drying energy, 
and electricity was estimated to be an additional 6.2% 
(Klonsky et al. 2009). All energy values were converted 
to MMBtu using the conversion factors in table A1 (on-
line technical appendix 1).

(1)FECi =
100
93.8

(NGi + Pi) = 1.066 (NGi + Pi)

where i is the facility (from 1 to 19), and NGi and Pi are 
the reported NG and propane consumption in MMBtu 
for facility i. 

Based on the results from the individual facilities, 
we are interested in the California average energy con-
sumption (CECT) that was used to achieve a dryness 
level of 8% MCwb per short ton. This was calculated us-
ing Equation 2, based on all surveyed facilities.

19
 i = 1

FECi

CECT =
19
 i = 1

Ti

(2)

where FECi is the facility energy consumption in 
MMBtu, and Ti is the facility throughput in short tons 
of in-shell dried walnuts. 

Then, to facilitate comparisons between facilities, 
we calculated a standardized facility energy consump-
tion (SFECi) by dividing each facility’s FECi by its sea-
sonal throughput, Ti, as shown in Equation 3. 

FECiSFECi = (3)
Ti

where FECi is the total facility energy consumption in 
MMBtu, and Ti is the facility throughput in short tons 
of in-shell dried walnuts (< 8% MCwb). 

Surveyed counties

(short tons in-shell walnuts / year)
Production volume

10,000

Survey sites

20,000
30,000
40,000
50,0001

9

Tulare

Stanislaus

San Joaquin

Yolo

Sutter

Butte

Lake

Glenn

Tehama
3

1

2

4

5

6

8

9

7
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We then categorized facilities based on the factors 
that influence energy consumption for drying (fig. 2). 
The result is the average standardized category energy 
consumption (ASECx), which will allow us to identify 
the characteristics of a facility that influence its energy 
consumption (Equation 4). 

ASECx  = (4)

n
 i = m

SFECi

n

where m refers to the first facility counted in category x, 
and n refers to the number of facilities in that category.

Last, drying costs were calculated based on the 
amount of fuel and electricity required to dry one short 
ton of in-shell dried walnuts. Electricity costs were 
based on annual averages of California utility rates 
(EIA 2022a, 2022b). 

Statistical methods
Data were analyzed using R (R Foundation for Statisti-
cal Computing, Vienna, Austria). Significant differ-
ences between ASECx were tested using ANOVA for 
variables with three or more categories, or a t-test for 
variables with two categories. 

A stepwise linear regression was used to identify the 
significant predictors of SFECi. Independent variables 
(categories in fig. 2) were coded as binary (Brook and 
Arnold 1985). The model is expressed in Equation 5. 

(5)

The final model’s R2 and statistical power were cal-
culated to assess model reliability (Myors and Murphy 
2023). We used a 90% confidence level due to a small 
sample size (Labovitz 1968). Additionally, the sample 
size for future surveys was determined based on 80% 
and 90% statistical power (Peterman 1990).

Energy use lower since 2009
The statewide average energy consumption (CECT) 
was 1.156 MMBtu per short ton of in-shell dried wal-
nuts, 11.1% lower than previously reported (Klonsky 

et al. 2009). The following sections discuss these 
changing patterns. 

Exterior view of the Fedora Farms, Inc., walnut processing and drying facility. The 
building contains hulling, cleaning, and material-handling equipment used to prepare 
walnuts for in-bin drying. The doors along the lateral side are opened during the drying 
season to intake outdoor air. Photo: A. Dien and I.R. Donis-González.  

(A) Energy Conservation 
Strategies (ECS)

(B) Drying Fuel

42%

58%

(C) Solar Energy

In-bin moisture 
meter, 32%

Air recirculation, 5%

No ECS, 26%

In-bin moisture 
meter and air 
recirculation, 37%

Natural gas, 53%

Propane, 42%

Both, 5%

Solar, 42%

No solar, 58%

53%42%

5%

32%

5%

26%

37%

Natural gas may 
be more energy-
efficient than 
propane for 
drying walnuts, 
but our study 
can’t determine 
whether this 
result will vary 
based on the 
characteristics 
of different 
facilities.

Moisture meters in common use
Most facilities in our survey have adopted some energy 
conservation strategies (ECS), with in-bin moisture 
meters the most popular. As shown in figure 4A, only 
26% of surveyed facilities did not use any ECS (No-
ECS, n = 5). Of the remaining 74%, some employed 
in-bin moisture meters (IMM, n = 6), air recirculation 
(AR, n = 1), or a combination of both (IMM + AR, n = 
7). Among the 14 facilities using ECS, 93% used IMM, 
whereas only 57% applied AR. 

While facilities using both moisture meters and air 
recirculation achieved the greatest energy reductions, 
with moisture meters playing the most important role, 
these results are not statistically significant. Figure 
5A shows the SFECi distributions and ASECx values 
based on ECS adoption. On average, IMM+AR facilities 
showed the highest ASECx reduction of 14.5% com-
pared to No-ECS facilities. Similarly, IMM-only facili-
ties showed a 13.3% energy reduction. The difference in 
energy consumption between IMM+AR and IMM-only 
facilities was only 1.4%. These reductions fell short of 
the 30% to 50% reductions reported in pre-2009 studies 
(Rumsey et al. 1981; Thompson et al. 1997). 

FIG. 4. Percentage of users of (A) energy conservation strategies, (B) type of drying fuel, and (C) solar energy.
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ASECLow-RH = 1.50 ± 0.88 MMBtu/ton

ASECNG = 1.14 ± 0.31 MMBtu/ton

ASECPropane = 1.95 ± 1.17  MMBtu/ton  

ASECHigh-temp = 1.37 ± 0.79 MMBtu/ton

ASECLow-temp = 1.94 ± 1.19 MMBtu/ton

ASECSmall = 2.15 ± 1.22  MMBtu/ton
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Unless 
automated, air 
recirculation 
relies on 
operator 
discretion; 
without constant 
monitoring, 
energy savings 
may be minimal 
or nonexistent.

FIG. 5. Boxplots showing the standardized facility energy consumption (SFECi) and average 
standardized category energy consumption (ASECx) in MMBtu per short ton of in-shell dried 
walnuts for (A) ECS, (B) facility size, (C) fuel type, (D) temperature, and (E) relative humidity. 
The edges of the boxes represent the 25th and 75th percentiles, and the line inside the box 
represents the median.
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Questions about recirculation
As noted above, the use of AR in addition to IMM im-
proved energy efficiency by only 1.4%, suggesting that 
AR played a minor role. Along similar lines, the facil-
ity that used only AR had the highest energy usage in 
terms of ASECx. However, statistical analysis showed 
no significant differences in ASECx across ECS catego-
ries (ANOVA, P-value = 0.928). 

Possible explanations for lower-than-expected en-
ergy savings in ECS facilities include inadequate AR 
application, alternative energy conservation strategies 
used by No-ECS facilities (such as turning off dryers at 
night), or variations in final MCwb between facilities. 

For example, AR is recommended when indoor tem-
peratures are at least 10°F to 15°F higher than outside, 
with up to 60% of drying air recirculated (Thompson 
et al. 1997). In practice, AR should be minimized 
during hot afternoons and maximized during cooler 
evenings, nights, and early mornings. However, unless 
automated, AR relies on operator discretion; without 
constant monitoring, energy savings may be minimal 
or nonexistent (Rumsey et al. 1981). 

Additionally, operators may intentionally over-dry 
walnuts to avoid batch rejection due to a few high-
moisture nuts (> 8% MCwb). A study showed that re-
ducing moisture from 8% to 6% MCwb added six hours 
to the drying process, significantly increasing time 
and energy consumption (Thompson and Grant 1992). 
However, because our study did not collect moisture 
data, we were unable to compare MCwb across facilities. 

Economies of scale
As shown in figure 5B, small facilities had the highest 
ASECx, exceeding medium and large facilities by 77.7% 
and 37%, respectively. However, statistical analysis 
showed no significant differences in ASECx based on 
facility size (ANOVA, P-value = 0.239). 

Our observations during the study suggest that 
larger facilities often have more advanced infrastruc-
ture, which may explain their lower SFECi. For exam-
ple, larger facilities tend to use controllers and sensors 
to regulate fans, burners, and AR automatically, and 
often have IMM permanently installed. 

Natural gas may use less energy
NG may be more energy efficient than propane for dry-
ing walnuts, but our study can’t determine whether 
this result will vary based on the characteristics of 
different facilities. This will require additional sur-
veys to confirm.

Natural gas is used as a drying fuel by 53% of facili-
ties, with 42% using propane and 5% using both NG 
and propane (fig. 4B). In contrast, Klonsky et al. (2009) 
found that 45% of facilities used NG and 54% used 
propane. This discrepancy may be due to differences in 
the sampled populations, facility sizes, and increased 
access and lower cost of NG.

Figure 5C shows ASECx(energy consumption aver-
aged across facilities within the same category) and 

SFECi distributions (not averaged) by drying fuel type. 
NG facilities had 41.5% lower ASECx than propane 
facilities and less variability in SFECi. However, statisti-
cal analysis (t-test) showed no significant differences in 
ASECx based on fuel type (P-value = 0.076). 

Two empty walnut drying bins with in-bin moisture 
meters (IMM) installed at the center of each bin. The 
perforated bin floor is visible, supporting uniform vertical 
airflow through the walnuts during drying. Photo: I.R. 
Donis-González.

Central walkway between two rows of in-bin walnut 
dryers at Fedora Farms. The image shows the layout of the 
drying bins, their numbering system, and the structure 
supporting air distribution and monitoring equipment. 
Photo: Alice Dien.

Rear fan room of the in-bin walnut drying facility, where 
the centrifugal fans and burner assemblies provide 
heated air to the drying bins. The angled green bin tops 
(burners) connect to individual ducts leading to each 
blower. Roll-up doors along the back wall control outdoor 
air intake and serve as the main mechanism for air 
recirculation (AR) during drying. Photo: Alice Dien.
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Although vaporizing burners used for propane 
are about 5% less efficient than gas burners, this alone 
does not account for the ASECx difference observed in 
this study. A possible explanation is improper primary 
oxygen adjustment, which produces a yellow flame and 
results in higher energy loss compared to a blue flame. 
Future work should explore this issue further and edu-
cate propane users on optimizing burner performance.

The drying fuel type was the only variable signifi-
cantly correlated with SFECi (P-value < 0.1) (fig. 2). The 
final model is given by Equation 6. 

   SFEC
i 
= 1.945 − 0.805 X

Fuel  (6)

where Xfuel = 1 represents the use of NG. The model in-
dicates that facilities using NG consume 0.805 MMBtu 
less energy per ton of in-shell dried walnuts compared 
to those using propane. However, the low coefficient of 
determination (R2 = 0.21) suggests that, while drying 
fuel is an important variable, other variables not in-
cluded in this analysis may also influence SFECi. There-
fore, this model is not suitable for predicting energy use 
in California walnut facilities (Montgomery et al. 2021). 

Additionally, the statistical power for the final 
model was 25.3%, which is well below the threshold de-
sired for statistical studies (Kraemer and Blasey 2015). 
To achieve 80% and 90% statistical power in a stepwise 
linear regression model, surveys would need to include 
89 and 122 facilities, respectively (Peterman 1990). 

Ambient conditions
As expected, facilities in the high-temperature, low-RH 
range had lower ASECx than those in the low-temper-
ature, high-RH range (figs. 5D and 5E), with tempera-
ture having a greater impact on SFECi than RH. These 
results are consistent with the understanding that lower 
temperatures require more energy to reach the target 
drying temperature of 110°F. 

However, statistical analysis (t-test) found no sig-
nificant differences in ASECx based on temperature 
or RH (P-value = 0.362 and 0.956, respectively). These 
results suggest that, while temperature and RH affect 

drying, other factors likely play a more significant role 
in energy consumption. 

Nut prices and drying costs
On average, drying costs were lower at larger and 
medium-sized facilities (28.1 and 19.9 USD per ton 
of in-shell dried walnuts, respectively) compared to 
small facilities (39.3 USD per ton). This cost reduction 
is likely due to economies of scale, where increased 
production leads to lower per-unit costs. Facilities us-
ing propane had higher drying costs (32.6 USD per ton) 
than those using natural gas (17.8 USD per ton), rep-
resenting a 45.4% reduction, consistent with findings 
from Klonsky et al. (2009). 

While energy prices have increased, walnut prices 
peaked in 2014 before dropping due to supply-demand 
imbalances. This price decline, coupled with rising en-
ergy and irrigation costs, has put significant financial 
pressure on walnut growers and handlers (Northcutt 
2015). We retrieved historical data from the USDA to 
track how walnut prices have changed over the past 
20 years (CASS 1997; CDFA 2017, 2023; USDA 2005). 
Figure 6 shows California’s rising walnut drying energy 
costs and fluctuating producer prices since 1992. 

In response to rising energy costs, 42% of survey 
participants reported using solar energy (fig. 4C) for 
part of their electricity generation. This shift is driven 
by regulatory changes, fluctuations in fuel prices, and 
the economic benefits of net metering, which credits 
facilities for excess electricity that they send to the grid 
(National Academies of Sciences, Engineering, and 
Medicine 2023). 

FIG. 6. Average drying cost and producer price (in-shell, dried) evolution in California between 1992 and 2022.

Future potential to explore 
Energy use to dry a short ton of in-shell walnuts has 
decreased by 11.1% since previous estimates (Klonsky 
et al. 2009). However, while in-bin moisture monitor-
ing and air recirculation show potential for further re-
ducing energy consumption, their impact in this study 
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was less than expected, and this impact cannot be separated from 
other variables. Similarly, natural gas may be a more efficient drying 
fuel than propane, but it is possible that this result was influenced by 
other characteristics of drying facilities. 

To maximize energy savings, walnut drying facilities should invest 
in more effective and automated systems, such as advanced control-
lers and sensors, to support consistent process control and reduce 
reliance on manual adjustments. This is especially critical for air re-
circulation, which requires precise and responsive management to be 
effective. Continued operator training, combined with closer collabo-
ration between researchers, technology providers, and drying facility 
staff, is essential to ensuring that energy conservation strategies are 
implemented and applied consistently over time. 

Future studies should investigate the moisture content (MCwb) 
targets set by walnut dryer operators and the actual values measured, 
as this could help identify facilities that consistently over-dry walnuts. 

Excessive drying leads to longer drying times and increased energy 
use, and could be a significant variable to include in a study. 

The limitations of the current study, particularly the small sample 
size, highlight the need for broader surveys. Increasing the number of 
facilities to at least 89 would improve the statistical power and enable 
more robust conclusions about the factors that influence energy con-
sumption in walnut drying. c
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